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ABSTRACT
Antifreeze proteins (AFPs) are a class of ice binding proteins (IBPs) that are expressed by
different cold-adapted organisms to increase their freezing tolerance. AFPs have two major
properties: thermal hysteresis and ice recrystallization inhibition. Here we report the functional
and structural analyses of a bacterial AFP, IBPv.
IBPv was originally secreted by a bacterium recovered from a deep glacial ice core
drilled at Vostok Station, Antarctica. Our study showed that the recombinant protein rIBPv
exhibited a thermal hysteresis of 2°C at concentrations higher than 50 µM, effectively inhibited
ice recrystallization, and enhanced bacterial viability during freeze-thaw cycling. Circular
dichroism scans indicated that rIBPv mainly consists of β-strands and its denaturing temperature
was 53.5°C. Multiple sequence alignment of homologous IBPs predicted that IBPv contains two
ice binding domains; a feature unique among known AFPs. To examine functional differences
between the IBPv domains, each domain was cloned, expressed, and purified. The second
domain (domain B) expressed higher ice binding activity.
The 1.75 Å resolution crystal structure of IBPv was obtained, which is the first reported
structure of multi-domain AFPs. The two ice binding domains are structurally similar with a
RMSD of 0.68 Å by backbone alignment. Each domain consists of an irregular β-helix with a
triangular cross-section and a long α-helix that parallels at one side of the β-helix. Both domains
are stabilized by large numbers of tightly packed hydrophobic side chains. Structural alignment
and mutagenesis studies were used to confirm a flat plane with some aligned water molecules in
each domain as the ice binding site, which is located on the same face of the β-helix. Structural
non-hindrance of the ice binding site was found to be pivotal for the function of IBPv.

v

Data from thermal hysteresis and gel filtration assays suggested that the two domains
could cooperate to achieve a higher ice binding effect by forming heterodimers. Direct physical
linkage of the domains was required for neither the dimerization nor the cooperative effect.
However, when the dimerization of the domains was disrupted by a site mutation, the
cooperative effect still remained.
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CHAPTER 1: GENERAL INTRODUCTION

Ice Binding Proteins and Antifreeze Proteins
Many organisms that are exposed to sub-freezing environments produce antifreeze
proteins (AFPs), a sub group of ice binding proteins (IBPs), which have unique ability to inhibit
ice formation by specifically interacting with ice crystals [1]. AFPs are widely found in different
species including bacteria [2-4], plants [5-8], fungi [9, 10], insects [11-13], and fishes [14-16].
Generally, these proteins are classified into antifreeze proteins (AFP) and antifreeze
glycoproteins (AFGP), the latter distinguished by having post-translational modifications with
sugar residues [17].
Studies have shown that in extreme cold environments cells are not damaged by the low
temperature but rather by ice formation inside or outside of the cells [18]. When cells are cooled
slowly, ice is mainly formed in the extracellular solution. The solutes will be excluded from the
ice crystals and the concentration of solutes will increase drastically [19]. Thus water will
migrate out of the cells and cause the cells to dehydrate. On the other hand, at fast cooling rate
cells can experience intracellular ice formation [20], which is always lethal [18]. Although the
mechanism by which intracellular ice damages cells is not clear, it is proposed that the disruption
of plasma membrane is the primary cause of freezing injury [21]. Secretion of AFPs allows these
species to survive in cold temperatures by avoiding cell damage due to the freezing of water.

Hexagonal Ice
Water has many solid phases (ices), but under normal circumstances, all natural snow and
ice on Earth exists in the form of hexagonal ice (ice Ih) [22], which is also the physiological

1

ligand for AFPs. The unit cell of hexagonal ice is shown in Figure 1.1A. According to Pauling’s
model [23], in the hexagonal ice, each oxygen atom is tetrahedrally surrounded by 4 other
oxygen atoms, and the distance between two nearest oxygen is 2.76 Å. The two hydrogen atoms
in each water molecule point towards two of the four surrounding oxygen atoms to form
hydrogen bonds. Even though one hydrogen atom lies between two adjacent oxygen atoms [23],
this hydrogen could lie in one of the two possible positions, and therefore, as shown in Figure
1.1A, each pale sphere represents a position for hydrogen with occupancy of 0.5. This “random”
distribution of hydrogens inside the ice crystals makes computer modeling of ice crystals
difficult to achieve [24, 25]. Hexagonal ice contains two basal planes perpendicular to the c-axis
and six equivalent side faces called prism planes (Figure 1.1B). Ice crystals may grow by adding
water molecules to both basal planes and prism planes, and thus they grow freely along all
directions.

Figure 1.1 Illustration of hexagonal ice (Ih ice). (A) The unit cell of hexagonal ice. Oxygen
atoms are labelled as red, with occupancy of 1. Hydrogen atoms are labeled as half white half
gray, indicating occupancy of 0.5. (B) Illustration of hexagonal ice, with 2 basal planes and 6
prism planes.
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Thermal hysteresis and recrystallization inhibition activities
In the absence of AFPs, ice will grow rapidly in all directions when temperature is below
the freezing point. When an AFP is present, interaction of AFP with ice surface affects ice
growth and therefore, ice crystals remain in small sizes even if the temperature reaches one or
several degrees below the freezing point. When the temperature is further reduced, a burst
growth of ice crystals is observed, and this temperature is recorded as the new freezing point. It
has been found that AFPs depress the freezing point of water in a non-colligative manner, but
have a slight effect on the melting temperature [1, 26, 27] (Figure 1.2). The temperature gap
between the melting point and the new freezing point is referred as the thermal hysteresis (TH)
gap, and is generally used as an indicator to evaluate the ice binding activity of AFPs. TH
activity of AFPs is vital for polar fishes to survive in winters, when the temperature of sea water
drops to -1.9°C. For those polar fishes to survive, the freezing point of their blood needs to
depress at least the same amount. DeVries and Wohlschlag discovered that half of the freezingpoint depression was achieved by sodium chloride, urea and free amino acids in the serum, while
an AFP inside the blood accounts for 30% of the depression [14].
At extremely low temperature, TH of AFPs is not sufficient to prevent ice formation. Yet
AFPs have been implicated in enhancing cell survival in icy environments of the cryosphere.
When water is frozen under sub-zero temperatures, numerous small ice crystals are formed first.
If the sample is kept below the freezing point for a period of time, large ice crystals are formed at
the expense of smaller ones, driven by the decrease in ice’s surface area and surface energy. This
process is referred as ice recrystallization (Figure 1.3), which is lethal for cells since it damages
cell membranes and integrity. Many AFPs are remarkably effective in preventing ice
recrystallization at very low concentrations, known as recrystallization inhibition (RI) activity
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[28-31], either by preventing water molecules from leaving the ice crystals or acting as a
surfactant to reduce the surface tension.

Figure 1.2 The mechanism of thermal hysteresis activity of AFPs. AFPs with different ice
binding activities can shape the ice crystal into different morphologies. Ice is usually shaped into
hexagonal bipyramid by moderate AFPs. Ice is usually shaped into hexagonal prism or
hexagonal bifrustum (truncated hexagonal bipyramid) by hyperactive AFPs.

RI activity can help organisms survive in a different manner rather than the TH activity.
The boundaries between ice grains, especially the triple junctions where three ice crystals meet,
are habitats for microbes in deep Antarctic ice [2]. By secreting AFPs, some cold adapted
bacteria are able to preserve those boundaries [2, 32]. In addition, large ice crystals formed
through ice recrystallization can burst cell membranes and impair cell integrity, which are always
lethal to organisms. The AFPs in the blood serum of winter flounder can bind with the small ice
4

crystals that formed inside the plasma and prevent them from growing, thus protecting the
organisms from freezing in sub-zero environments [33, 34].

Figure 1.3 Illustration of ice recrystallization process and the ice recrystallization inhibition
activity of AFPs. Each blank tile represents a single ice crystal. The black lines are the
boundaries between ice crystals.

Moderate AFPs and hyperactive AFPs
The TH activities reported for different AFPs vary significantly, and therefore, AFPs are
generally classified into two different groups. Moderately active AFPs, mostly secreted by fishes
and plants, have relatively low TH gaps, being mostly less than 1°C at millimolar protein
concentrations. AFGPs have very weak ice binding activities, and thus belong to moderately
active AFPs. Some bacteria, yeast, and insects secrete hyperactive AFPs, which exhibit TH gaps
of more than 1°C at micromolar protein concentrations. Ice etching experiments using GFP
labeled AFPs showed that moderately active AFPs target the prism planes whereas the
hyperactive AFPs are thought to bind to both the prism and the basal planes of ice [35]. When
ice forms in the presence of moderately active AFPs, proteins bind to the prism planes of ice and
block water molecules from adding to these planes. Thus ice can only grow along the c-axis, and
will eventually shape into a hexagonal bipyramid. However, in the presence of hyperactive AFPs,
5

proteins can block water molecules form adding to both the prism and the basal planes. Thus, ice
will shape into a hexagonal prism or a hexagonal bifrustum (truncated hexagonal bipyramid)
(Figure 1.2). When the basal planes of ice were blocked to prevent water molecules from adding
to these surfaces, the TH activity was enhanced for the moderately active AFPs [36]. This
observation further confirmed the relationship between the hyperactivity of AFP and its ability to
bind with the basal planes.

Irreversible binding with ice
AFPs can inhibit the recrystallization of ice by binding with ice so that water molecules
cannot freely add to or release from ice. It is generally believed that the binding between AFPs
and ice is “irreversible” [37]. But in the context of physical chemistry, every binding should be
reversible. Therefore, it is appropriate to rephrase the statement as the association of AFP with
ice is thermodynamically much more favorable than the association of water molecules with ice.
But the term “irreversible binding” will be used throughout this dissertation.
By tagging GFP to one terminus of AFP (AFP–GFP), the direct binding of AFP with ice
can be visualized through confocal microscopy [35]. Accumulation of AFP–GFP was observed
on the ice surface when the temperature was within the thermal hysteresis gap. When
temperature was further decreased below the freezing point, ice “burst” grew around the original
crystal without affecting the bound AFP [35]. In addition, after photo bleaching the surfacebound AFP–GFP, the fluorescence did not recover, suggesting no surface-solution exchange of
AFP–GFP [38]. It was also observed that AFP–GFP remained attached to the ice surface even
after the surrounding medium was exchanged to AFP free solution, and the remaining AFP–GFP
on the ice surface was sufficient to prevent ice growing [36, 39]. These results strongly
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supported the irreversible binding. However, other researchers have reported contradictory
results [40]. It was reported that FITC labeled AFGP accumulated to the ice surface when the
temperature was within the thermal hysteresis gap. When ice growth resumed, AFGP molecules
did not incorporate into the ice crystals. Instead, the proteins desorbed from the surface and
FITC-AFGP was found accumulating on the newly formed ice surface, suggesting a dissociation
and re-association of AFGP with ice. These inconsistent results might be caused by the different
ice binding activities between AFPs and AFGPs. As AFGPs have much weaker ice binding
activities, it is not surprising to observe a “reversible” binding of AFGPs with ice.
However, some results could not be explained by the irreversible adsorption mechanism.
AFP molecules were observed in the liquid phase even at low protein concentrations in the
presence of ice [35, 36, 38, 39]. If the AFP irreversibly binds with ice, the presence of AFP
molecules in the liquid phase suggests the ice surface is fully saturated with protein molecules.
Further increase of AFP concentration should not affect the TH, which is contradictory to the
experimental data [41]. In addition, if AFPs irreversibly bind with ice, ice surface should have
the same amount of protein coverage in the presence of equimolar concentrations of different
AFPs, which will result in the same TH for different types of AFPs [42]. However, different
AFPs exhibit distinct TH; even two homologous AFPs may show different ice binding activities
[43, 44].
Recent studies showed that if AFPs were allowed to interact with ice for longer time, the
TH of hyperactive AFP would increase significantly, whereas the TH of moderately active AFP
was almost time independent [45, 46]. Furthermore, the accumulation of moderately active AFP
on ice surface was almost instant and reached a maximum in a couple of minutes, whereas the
accumulation of hyperactive AFP to ice did not reach saturation after several hours [46]. These
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findings suggested that binding dynamics might be a promising method to explain why different
AFPs have different TH activities.

The mechanism of thermal hysteresis
Irreversible binding of AFPs to ice is often used to explain the TH activities of AFPs. The
TH of AFPs cannot be simply explained as the protein molecules cover the entire ice surface so
that no water molecules are able to be added. It is impossible for AFP to cover the entire ice
surface, as the size of AFP molecules is much bigger than that of water molecules and the
concentration of AFP is relatively low in the solution under physiological condition. However,
after binding with ice, AFP molecules block accessibility of water molecules, allowing them to
be added only at the areas between AFP molecules. When the temperature is reduced below the
freezing point, ice will grow into a convex surface [27], as shown in Figure 1.4. The curved
surface impacts the vapor pressure of the two phases it separates and the equilibrium temperature,
which refer as the Kelvin effect and the Gibbs-Thomson effect, respectively. These two effects
were both used in the adsorption inhibition mechanism to explain the TH activity of AFPs [37,
42]. Even though each of these two effects has its unique equation, the Kelvin and the GibbsThomson equations are actually analogs [47]. The Kelvin equation describes the effect of
curvature on vapor pressure at a constant temperature, while the Gibbs-Thomson equation
describes the effect of curvature on equilibrium (boiling or melting) temperature at a constant
pressure. Both equations can be derived through the combination of the Young–Laplace equation
and some basic thermodynamic equations [48].
The Kelvin’s equation is described as:
ln

p 2 Vm,l


p0
r RT
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In which p is the vapor pressure, p0 is the normal vapor pressure on a large flat surface, γ is the
gas-liquid surface free energy, r is the radius of the surface, Vm,l is the molar volume of liquid, R
is the universal gas constant, and T is the temperature. This equation indicates that the vapor
pressure increases as the curvature increases. It can be further applied to solid surface. When the
temperature of water drops below zero, the vapor pressure of the ice phase is lower than that of
the liquid phase. This difference will cause water molecules to change from liquid phase to solid
phase. However, when AFPs are added to the mixture, they bind to ice surface, causing ice to
form a convex surface. According to the Kelvin equation, these convex surfaces with large
curvatures increase the vapor pressure on ice, which compensate the differences in vapor
pressure between ice and water. Then equilibrium is achieved and the freezing process halts.

Figure 1.4 Illustration of the micro-curvature formed on the ice surface after binding with AFPs.
Gray hashed area indicates ice, blank area indicates water, and blue circles represent AFP
molecules.
Even though the Kelvin effect is sufficient in explaining the TH activity caused by AFP,
using the Gibbs-Thomson equation provides a more straightforward process. As mentioned
9

earlier, this equation describes the effect of surface curvature on the equilibrium (melting or
boiling) temperature at a constant external pressure. The Gibbs-Thomson’s equation is described
as:

T  T0 

2 Vm, s

r Sm,0

In which T is the equilibrium temperature at the curve surface, T0 is the corresponding
equilibrium temperature of bulk ice, γ is the surface tension of water-ice interface, r is the radius
of the curvature, Sm,0 is the molar entropy of fusion of ice, and Vm, s is the molar volume of ice.
In this equation, γ and Vm, s are positive. Sm,0 is also positive, since after melting, water
molecules are more disordered. Therefore, when ice grows into a convex curvature on the
surface after binding with AFPs, the melting point decreases.
During the melting process, water molecules located between two AFP molecules leave
the ice first, forming a concave structure on the ice lattice (Figure 1.4). According to the GibbsThomson effect, a concave curvature can increase the local melting temperature, which will slow
down the melting process (Figure 1.2). This super heating process was first observed by Knight
and coworkers [27], but the exact quantification of this process was not reported until recently
[26], and the data showed that hyperactive AFPs from insects have higher superheating ability
comparing to moderately active AFPs from fishes. Some fish AFP solutions even showed no
melting hysteresis. Moreover, the melting hysteresis was mostly less than 10% of freezing
hysteresis. This might be due to the engulfment of AFPs into the ice during freezing, which will
lead to more interaction of proteins with ice crystals. However, during melting, proteins interact
less with ice and might dissociate more easily.
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The mechanism of recrystallization inhibition
Although both TH and RI activities are related to the interaction of AFPs with ice, several
studies showed that the RI activity is not correlated with the TH activity. Olijves et al evaluated
the TH and RI activities of different AFPs [49]. Among all the AFPs they tested, fish AFGP1-5
exhibited the highest RI activity, but its TH activity was only moderate. By contrast, the TH
activity of a beetle AFP, DAFP-1, was hyperactive, but its RI activity was only moderate.
Another mutagenesis study on LpIBP from grass Lolium perenne showed that the functional
regions for TH and RI activities were located at two different sites on the protein surface [50].
These findings suggested that TH and RI activities are two distinct properties of AFPs.
Irreversible binding is required for the TH activity but not for RI. Ice recrystallization is driven
by the reduction of surface energy. So it is likely that any additive that reduces the ice surface
energy will inhibit ice recrystallization. Direct ice binding region might not be required for AFPs
to have RI activity.

Structures of AFPs
AFPs have an amazing structural diversity even though they share similar functions.
There are more than 20 AFP structures that have been determined by X-ray crystallography or
NMR. The details regarding these structures are summarized in Table 1.1 and the structures of
the representative ones are illustrated in Figure 1.5. The overall structure of AFPs can be broadly
grouped into 4 categories: α-helix (Figure 1.5A), globular (Figure 1.5B), polyproline Type II
(Figure 1.5C) coils and β-solenoid (Figure 1.5D). Type I fish AFP was believed to be the
simplest AFP, which only consists of a single Ala-rich α-helix (Figure 1.5A) [51]. Recently, Sun
et al. reported the crystal structure of an isoform of type I fish AFP, Maxi, which consists of a
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four-helix bundle that retains 400 water molecules in its interior (Figure 1.5A) [52]. Type II and
type III fish AFPs are both relatively small globular proteins (Figure 1.5B). Type II fish AFPs
are stabilized by a hydrophobic core, and type III fish AFPs mainly through disulfide bonds. The
snow flea AFP (sfAFP) contains six anti-parallel polyproline Type II coils (Figure 1.5C), and is
the only known AFP that adopts this kind of structure [53]. A large number of AFPs adopt βsolenoid structure (Figure 1.5D), and their cross sections vary from triangular to rectangular.
Hydrophobic core is widely present in many β-solenoid proteins, which stabilizes the overall
protein structures [54]. However, this property is not required for β-solenoid AFPs. In the
structure of TmAFP from beetle Tenebrio molitor, every coil of the β-solenoid contains one pair
of cysteines that form one disulfide bond, and these disulfide bonds play a critical role in protein
stability [55]. Bacterial Marinomonas primoryensis AFP (MpAFP) contains 13 ordered Ca2+
inside its core. Each Ca2+ is heptacoordinated with two tandem coils of the β-solenoid [56].
Beetle Rhagium inquisitor secretes an AFP (RiAFP) that adopts a compressed β-solenoid fold
with multiple hydrogen bonds formed between the side chains inside the protein core [57]. FfIBP
(bacterium Flavobacterium frigoris), ColAFP (bacterium Colwellia sp. slw05), LeIBP (fungus
Leucosporidium sp. ay30), TisAFP6 (fungus Typhula ishikariensis), and TisAFP8 (fungus
Typhula ishikariensis) exhibit almost identical overall structure, which consists of one β-solenoid
and a long α-helix runs parallel at the side, despite they are secreted by different bacteria or fungi
[43, 58-61]. However, their ice binding activities vary significantly, indicating the overall protein
structures of AFPs are not the only contributors to the different ice binding activities. One major
advantage for AFPs to adopt β-solenoid structure is each coil in the solenoid has an axial rise of
about 4.8Å [54], which perfectly matches the 4.5Å repeat of water molecules on the both basal
and prism planes of hexagonal ice.
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Table 1.1 Summary of the know structures of AFPs
protein
pdb
type of
class
organism
name
file
organism
fish,
type I
1WFB
moderate,
Pseudopleuronectes
winter
AFP
[51]
fish type I
americanus
flounder
fish,
4KE2 hyperactive,
Pseudopleuronectes
Maxi
winter
[52]
fish type I
americanus
flounder
2PY2
moderate,
fish,
hAFP
Clupea harengus
[62]
fish type II
herring
2ZIB
moderate,
lpAFP
fish
Brachyopsis rostratus
[63]
fish type II
QAE/
1MSI
moderate,
HPLC
fish
Zoarces americanus
[64]
fish type III
12
HPLC
1OPS
moderate,
fish
Zoarces americanus
3
[65]
fish type III
Lycodichthys
1UCS
RD1
fish type III
fish
dearborni (formerly
[66]
Rhigophila dearborni)
RD3

1C8A
[67]

moderate,
fish type III

fish

Lycodichthys
dearborni (formerly
Rhigophila dearborni)

MpAFP

3P4G
[56]

hyperactive

Antarctic
bacterium

Marinomonas
primoryensis

FfIBP

4NU2
[58]

hyperactive

Antarctic
bacterium

Flavobacterium
frigoris

ColAFP

3WP9
[59]

hyperactive

Antarctic
bacterium

Colwellia sp. slw05
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structure

length
(a.a.)

method

resolution

single α-helix, Ala rich

38

X-ray

1.5 Å

4 α-helix bundle, Ala rich

196

X-ray

1.8 Å

globular, Cys rich

136

X-ray

1.7 Å

globular, Cys rich

133

X-ray

1.34 Å

globular

70

X-ray

1.25 Å

globular

64

X-ray

2.0 Å

globular

64

X-ray

0.62 Å

globular, intramolecular
dimer

134

NMR

323

X-ray

1.7 Å

248

X-ray

2.1 Å

226

X-ray

1.6 Å

right-handed Ca2+-bound
parallel β-helix
right-handed β-helix with a
triangular cross-section and
a long α-helix
right-handed β-helix with a
triangular cross-section and
a long α-helix

(Table 1.1 continued)
protein
pdb
class
name
file
3UYU
/
LeIBP
moderate
3UYV
[60]
TisAFP6

3VN3
[61]

moderate

TisAFP8

5B5H
[43]

hyperactive

type of
organism
fungus,
yeast
fungus,
snow
mold
fungus
fungus,
snow
mold
fungus

organism

structure

length
(a.a.)

method

resolution

Leucosporidium sp.
ay30

right-handed β-helix with a
triangular cross-section and
a long α-helix, with
glycosylation sites

241

X-ray

1.57 Å

Typhula ishikariensis

right-handed β-helix with a
triangular cross-section and
a long α-helix

223

X-ray

0.95 Å

Typhula ishikariensis

right-handed β-helix with a
triangular cross-section and
a long α-helix

223

X-ray

1.0 Å

81

X-ray

0.98 Å

121

X-ray

2.45 Å

121

NMR

sfAFP

2PNE
[53]

hyperactive

insect,
snow flea

Hypogastrura harveyi

sbwAFP
/
CfAFP501

1M8N
[68]

hyperactive

insect,
budworm

Choristoneura
fumiferana

sbwAFP
/
CfAFP501

1Z2F
[69]

hyperactive

insect,
budworm

Choristoneura
fumiferana
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six antiparallel left-handed
polyproline II helixes,
stacked in two sets of three,
to form a compact brick-like
structure with one
hydrophilic face and one
hydrophobic face
left-handed β-helix with a
two-dimensional Thr array
on one face of the protein
that forms the ice-binding
site.
left-handed β-helix with a
two-dimensional Thr array
on one face of the protein
that forms the ice-binding
site.

(Table 1.1 continued)
protein
pdb
name
file

class

type of
organism

organism

structure
regular right-handed β-helix
with tandem 12-residue
repeats (TCTxSxxCxxAx),
highly disulfide bonded
regular right-handed β-helix
with tandem 12-residue
repeats (TCTxSxxCxxAx),
highly disulfide bonded

length
(a.a.)

method

resolution

84

X-ray

1.4 Å

84

NMR

TmAFP

1EZG
[55]

hyperactive

insect,
beetle

Tenebrio molitor

TmAFP

1L1I
[70]

hyperactive

insect,
beetle

Tenebrio molitor

RiAFP

4DT5
[57]

hyperactive

insect,
longhorn
beetle

Rhagium inquisitor

compressed β-solenoid fold
with parallel arrays of Thr

143

X-ray

1.15 Å

LpIBP

3ULT
[71]

hyperactive

plant

Lolium perenne

left-handed beta-roll

133

X-ray

1.4 Å
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Figure 1.5 The structures of AFPs. (A) α helical AFPs. (B) Globular AFPs. (C) Polyproline II
AFP. (D) β helical AFPs with various cross sections. α-helix, cyan; β-strand, purple; coil, light
pink; polyproline II, blue; Ca2+, light blue; disulfide bond, yellow.
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Ice binding mechanism
The ice-binding site (IBS) is the functional region for an AFP. There are almost no
common sequences or structural folds for the IBS because of the extreme diversity of AFPs.
AFPs bind specifically, rapidly and irreversibly to ice in the presence of a large amount of liquid
water molecules. Different mechanisms of AFP binding to ice have been proposed in the past
years. The first crystal structure of AFP published was the type I fish AFP, which contains a
single α-helix. It was initially suggested that a regular array of Thr and Asx residues on one side
of the protein surface is important for ice binding activity [51]. It was therefore proposed that
AFP binds with ice crystals through hydrogen bonds forming with the prism plane of ice through
its ice lattice, mimicking hydrophilic side chains [72]. However, when other types of AFP were
discovered, some of them did not exhibit repeating hydrophilic residues in their primary
sequences, suggesting that the hydrophilic groups on the side chains of AFPs were not required
for the interaction with ice [73, 74]. Later mutagenesis studies of type I fish AFP indicated that
replacement of Asn with the hydrophobic residue Ala had little effect on its antifreeze activity,
whereas substitution of Asn by a slightly larger homologue residue Gln abolished thermal
hysteresis activity [75]. Other researches showed that when Thr was replaced by Val, a
structurally similar, but hydrophobic residue, the ice binding activity was largely retained. But
when Thr was replace with a smaller hydrophilic residue, Ser, the thermal hysteresis activity was
greatly impaired [76-78]. By using mutagenesis studies, Baardsnes and co-workers successfully
pinpointed the ice binding region of type I AFP at the Ala-rich surface instead of the previously
suggested Leu/Asn-rich area [79].
Later, several AFP structures and mutagenesis studies suggested that hydrophobic side
chains and flat-binding surface are keys for AFP-ice binding [63-66, 80]. In addition, since
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ordered water molecules were observed around the IBS, it was proposed that when AFP binds
with ice, these ordered water molecules will be released to the bulk solvent and cause an entropy
gain [62]. Thus entropy increase drives the ice binding process [1, 76].
Several computer modelling studies suggested that the ordered water molecules on the
IBS are mimicking the quasi-liquid layer of water on the ice surface [81-83]. When AFP
interacts with ice, the ordered water molecules fuse with the quasi-liquid layer of water on the
ice surface and solidify to form ice. This anchored clathrate water binding mechanism is
supported by the discovery of ice-like water molecules on the IBS of several AFPs (Figure 1.6)
[43, 52, 56]. A row of Asx and a row of Ser residues are orderly aligned on the experimentally
confirmed IBS of MpAFP (Figure 1.6A) [56, 84]. Ordered water molecules pack between these
two rows of side chains and form hydrogen bonds with the protein backbone and hydrophilic
side chains. No repeating side chains appear on the IBS of TisAFP8 as indicated by the crystal
structure (Figure 1.6B) [43]. However, ordered water molecules still exist on the protein surface
of the IBS. The crystal structure of a fish type I AFP, Maxi, strongly supports the anchored
clathrate water binding mechanism. As shown in Figure 1.6C, each of the two protein molecules
(purple and cyan) self-folds at the center and then heterodimerize into a four helical bundle [52].
The IBS on each α-helix faces towards each other and is buried inside the protein core, which
makes direct binding of ice with IBS impossible. However, an ordered water network is formed
inside the protein core and further extends to the solvent accessible protein surface. It is believed
that Maxi does not directly bind with ice surface through its IBS, but rather through the ordered
water network [52]. These results highlighted the importance of ordered water molecules on
AFP-ice interaction, and agreed with the anchored clathrate water binding mechanism.
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Figure 1.6 Ordered water molecules on the IBS of (A) MpAFP, (B) TisAFP8, and (C) Maxi.
Water molecules are labeled as light grey. (A) IBS of MpAFP. Protein is shown as stick model.
Ca2+ ions are labeled as green. (B) IBS of TisAFP8. Residues on around the IBS are shown as
stick model. (C) Cross section of Maxi. Two protein molecules inside the dimer are labeled as
purple and cyan, respectively. Residues that belong to the IBS are shown as stick model.

Applications of AFPs
AFPs have usages in different fields. Several researches have proved that the addition of
AFPs could improve food preservation and preserve food texture during freezing [85-87]. AFPs
can also increase the survival rate of different types of cells [88-90], including red blood cells
[91-93], human liver cell line (HepG2) [50, 94], and oocytes [95], during freeze-thaw, due to the
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ability to inhibit the recrystallization of ice. In addition, other studies showed that expression of
AFP enhanced cold tolerance in Drosophila melanogaster [96]. Mice expressing AFP
demonstrated increased resistance to frostbite injury [97]. Genetically modified plants that
expressed AFPs also exhibited the ability to inhibit ice recrystallization and accumulated
freezing tolerance [31, 98, 99]. Moreover, Gwak et al. were able to create an anti-icing surface
by the direct immobilization of AFPs on aluminum, which suggests potential application of
AFPs in the industry field [100].
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CHAPTER 2: FUNCTIONAL ANALYSIS OF A BACTERIAL
ANTIFREEZE PROTEIN INDICATES A COOPERATIVE EFFECT
BETWEEN ITS TWO ICE-BINDING DOMAINS1
Introduction
Ice binding proteins (IBPs) are characterized by their unique ability to specifically bind to
one or multiple planes of ice crystals [1]. Antifreeze proteins (AFPs) are a class of IBPs that have
been documented in a wide variety of species including fish [14, 15], insects [11], plants [5],
fungi [9], and bacteria[2, 4, 101, 102]. The proposed function of these proteins is to increase the
organisms’ survivability under frozen conditions by affecting the phase change of water to ice
and regulating the ice morphology [28, 37]. Generally these proteins are classified into antifreeze
proteins (AFP) and antifreeze glycoproteins (AFGP), the latter distinguishing those having posttranslational modifications with sugar residues [17].
AFPs interact with the ice surface and depress the freezing point of water in a
noncolligative manner, but have slight effects on the melting temperature [26]. The gap between
the freezing and melting points is termed the thermal hysteresis (TH) gap and is often used as an
indicator of AFP activity [42]. TH is proposed to be caused by the Kelvin effect because the
binding of AFPs to the ice surface generates a micro-convex structure, and it is
thermodynamically less favorable for water to add to a convex versus a flat ice surface [27, 41].
The TH activities reported for different AFPs vary significantly. The AFGPs of polar fishes have
relatively low TH gaps, being mostly less than 1°C at millimolar protein concentrations, and as
such, are termed moderately active AFPs [17]. In contrast, the “hyperactive” AFPs produced by
insects may exhibit a TH of up to 6°C at sub-millimolar concentrations [11]. A hyperactive AFP
1

Adapted with permission from Wang, C., et al., Functional Analysis of a Bacterial Antifreeze
Protein Indicates a Cooperative Effect between Its Two Ice-Binding Domains. Biochemistry,
2016. 55(28): p. 3975-83. Copyright (2017) American Chemical Society.
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from the Antarctic bacterium Marinomonas primoryensis has a TH of 2°C at micromolar
concentrations [84].
At extremely low temperature, freezing point depression is not possible, yet AFPs have
been implicated in enhancing cell survival in icy environments of the cryosphere [2, 3, 84, 103,
104]. In order to minimize the surface energy, large ice crystals trend to grow at the expense of
smaller ones [105]. This process, known as ice recrystallization, is lethal for cells since it
damages cell membranes and integrity [19]. Many AFPs are also remarkably effective in
preventing ice recrystallization at very low concentrations, known as recrystallization inhibition
(RI) activity [28, 29]. This activity would have particular significance to microorganisms that
survive in ice matrices, since it functions to conserve the boundaries among ice grains; a
proposed habitat of microorganisms in deep Antarctic ice [2, 106]. Although TH and RI are both
caused by AFP interacting with the ice, they are not closely correlated for all AFPs, and there is
evidence that each activity is probably associated with distinct functional regions of these
proteins. For example, point mutations on LpAFP (from the plant Lolium perenne) altered RI
activity but did not affect TH activity significantly [50]. Many AFPs have RI activities at
concentrations much lower than that needed to observe TH activities [8, 9, 50]. Hence, by
lowering the freezing temperature and/or limiting the growth of ice crystals, AFPs increase the
cell survival rate and would be expected to be naturally selected for in environments that
experience periodic or persistent freezing.
There is evidence supporting that some AFPs interact with the ice matrix in cooperative
ways. For example, many organisms possess and secrete multiple genetic versions of AFPs
simultaneously [15, 107, 108]. A family of 13 antifreeze proteins was found in the larvae of one
beetle species Dendroides canadensis (DAFPs) [108]. Yeast two-hybrid experiments indicated
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that different forms of DAFPs interact with each other, and if some of them were added together,
the TH was synergistically enhanced [109]. In addition, some AFPs with multiple ice-binding
domains appear to have higher ice binding activities. Miura et al. reported that RD3, which has
two nearly identical ice binding domains connected with a linker, had about twice the TH
activity compared to the monomer [67]. Additional studies have shown that linking the
monomers to form trimers and tetramers further increased the ice binding efficiency [110, 111].
Baardsnes et al. used the same linker to connect two RD3 isoforms and achieved similar results,
but monomers linked with a disulfide bond that placed the two ice-binding sites at opposite sides
only increased the TH slightly [112]. Together these findings suggest that the efficiency of an
AFP at depressing the freezing point is proportional to the number of accessible ice binding sites,
or avidity.
Previously, a bacterium within the family Flavobacteriaceae (isolate 3519-10) was
recovered from a depth of ~3.5 km in the Vostok Ice Core, characterized, and shown to express a
54kDa AFP (designated IBPv) with high ice binding activity, as demonstrated by an ice pitting
assay [2]. The protein inhibited ice recrystallization and crude extracellular extracts of 3519-10
increased the survival rate of Escherichia coli during freeze-thaw cycling [113]. Within the ice
vein matrix of glacial ice [114], RI activity may benefit microbial survival by preserving the
boundaries between ice grains [2, 113]. Liquid state NMR study showed that through irreversible
binding to the ice crystal prism face, IBPv modified the three dimensional ice structure to create
shorter diffusion distances along veins while preserving the liquid vein structures [32]. Possibly,
this process enhances microbial habitability in ice, particularly in warm ice horizons that
experience dynamic recrystallization and basal shear stress [32]. Protein sequence comparisons
predicted that IBPv contains two ice binding domains, providing a good model for studying the
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interactions and possible cooperative effects between the two domains. Here we report on a
functional study of the recombinant IBPv (rIBPv), and individual constructs that contain the
separate ice-binding domains (rIBPv_a and rIBPv_b). While the recombinant proteins exhibited
TH and RI activities, the second ice binding domain was demonstrated to have a higher activity.
Moreover, our experiments indicated that the two domains form heterodimers and interact with
ice in a cooperative fashion to maximize their ice-binding activities whether or not the domains
are physically linked. Our results provide a context for understanding the evolution of multidomain AFPs and fundamental insight into the molecular interactions they mediate at ice crystal
surfaces.

Experimental Procedures
Protein preparation
A portion of the IBPv gene (excluding the N-terminal signal peptide sequence) was
amplified through PCR with ExTaq (Takara). The 5’ primer contained an NdeI restriction site
that overlapped the start codon. The 3’ primer contained a 6×His tag sequence immediately
upstream of the stop codon, and a Hind III site immediately downstream. The PCR product was
ligated with the pCR 2.1 vector (Invitrogen), and minipreps of the constructs were restriction
enzyme digested to purify the IBPv-encoded DNA. The IBPv encoding fragment was then
ligated into the pET-21a expression vector (Novagen) and transformed into BL21 cells. An
overnight culture grown in LB medium containing 100 μg/ml of ampicillin was diluted 1:100
(v/v) into fresh LB medium and incubated at 37 °C until an O.D. (at 600 nm) of 0.8. IPTG was
added to a concentration of 1mM and the temperature was reduced to 18°C. Cells were harvested
after incubating for 18h and then frozen at -80 °C. The pellet was resuspended in TBS buffer (20
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mM Tris, 150 mM NaCl, pH 7.5) that contained 10µg/mL DNase I and 100µg/mL lysozyme.
The mixture was sonicated, and after removal of debris by centrifuging, the supernatant was
applied to a Ni-NTA agarose (Qiagen) column. After washing with buffer (20 mM Tris, 150 mM
NaCl, 25 mM imidazole, pH 7.5), the proteins were eluted with elution buffer (20mM Tris. 150
mM NaCl, 500 mM imidazole, pH 7.5). The protein solution was concentrated with a centrifugal
filter device (Millipore, 10 kD cut off) and applied to a gel filtration column (Superdex 75; GE
AKTA purifier). The purity of the recombinant protein was verified by SDS-PAGE gel and its
concentration was determined by measuring the absorbance at 280nm (NanoDrop ND-1000)
[115].

Circular dichroism spectroscopy
The circular dichroism (CD) spectrum of the rIBPv was measured from 200 nm to 250
nm with a Jasco Model J-815 circular dichroism spectrometer. The protein solution was diluted
in TBS to 0.5mg/mL and placed in a 0.1 cm path length cell. Data were collected at 1.0 nm
bandwidth and the scan speed was 50 nm/min. The values obtained from three scans were
averaged. Melting point of the protein was obtained by temperature interval measurements from
20 to 70°C. Signal changes at 218 nm were used to indicate the protein folding status.

Thermal hysteresis assay
TH activities of the rIBPvs were measured with a nanoliter osmometer (Otago
Osmometer, Dunedin, New Zealand) connected to a Leica DM LB2 microscope. Cargille B
emersion oil was used in the sample holes. About 20nL of sample was loaded into the oil with a
capillary tube connected to a syringe. The sample was rapidly frozen by decreasing the
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temperature below -20°C. After ice formation, the temperature was gradually raised until a single
ice crystal remained in the droplet; this temperature was recorded as the melting temperature.
The sample was then slowly cooled until a rapid burst of ice crystal growth was observed; this
temperature was recorded as the freezing temperature. The difference between the freezing and
melting temperatures is referred to as the TH gap.

Ice recrystallization inhibition assay
Various concentrations of protein were prepared (0.125, 0.25, 0.5, 1 µM for rIBPv, 2 µM
for rIBPv_a and rIBPv_b, BSA at 100 µg/mL) in 30% sucrose (w/v) and sandwiched between
two 22 mm square cover slides. The sandwich was placed on a Linkam TMHS600 cold stage
that was pre-chilled to -1°C for 1 min to prevent frost formation on the cover slide surface. The
temperature was then lowered to -50°C at a rate of 30°C/min. After 1 min, the sample was heated
to -6°C at 10°C/min and maintained for 1h to favor ice recrystallization. The morphology of the
ice crystals was recorded at designated time points with a digital camera mounted on an
Olympus BX51 compound microscope using the 20X objective lens.

E. coli survival assay
Cultures of E. coli MG1655 were grown at 37°C with shaking (190 rpm) in 25 mL of
Tryptic Soy Broth (TSB, Difco Cat. No.: 211823). Growth was monitored by measuring the O.D.
(600nm), and cultures were harvested from the mid-exponential phase. Approximately 108 cfu
were harvested by centrifugation at 17,000 × g for 10 min, washed twice in 1.0 mL tris-buffered
saline (TBS, pH 7.6, 20 mM tris, 150 mM NaCl), and suspended in 1 mL of TBS. To these cell
suspensions, 5 and 10 µg/mL of the rIBPv or 5 µg/mL of extracellular proteins from the
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supernatant of 3519-10 cultures (containing the native protein, IBPv) were added to the solution.
The native protein mixture was collected by centrifugation of cultures grown on R2A (Difco Cat.
No.: 218263) at 17,000 x g for 1 min and collecting the supernatant. The concentration of total
protein in the supernatant was determined using the Bradford assay (Coomassie Protein Assay
Reagent Kit, 23200) and diluting the supernatant in TBS to a final concentration of 5 µg/mL.
Control samples contained 10 µg/mL of BSA. The supernatant was diluted in TBS to an
estimated concentration of 5 µg/mL (native IBPv). Control samples contained 10 µg/mL of BSA.
All samples were placed at -80°C for 20 min to induce rapid freezing, followed by incubation at 5°C for 12 h. After incubation, the frozen cell suspensions were rapidly thawed in a 25°C water
bath, serially diluted in TBS, and spread plated on tryptic soy agar (TSA, Difco Cat. No.:
236950). Subsequently, the cell suspensions were returned to the -80°C freezer and the freezethaw cycling procedure was repeated four times. The number of cfu mL-1 was determined after
the inoculated TSA plates were incubated at 37°C for 20 h.

Gel filtration analysis
Gel filtration was performed with a GE AKTA purifier using a Superdex 75 gel filtration
column. About 400 µL of recombinant protein at a concentration of ~50µM in TBS buffer (pH
7.6, 20 mM Tris. 150 mM NaCl) was used in each test. Molecular weights of the fractions were
estimated using the molecular weight marker kit for gel filtration chromatography (SigmaAldrich).
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Results
rIBPv mainly consists of β-sheets
The recombinant protein rIBPv was purified using a Ni-NTA column and gel filtration.
SDS-PAGE showed a single band with a predicted weight of ~52 kDa (Figure 2.1A) that
matched the calculated molecular weight of rIBPv. The total amount of rIBPv purified from a 1
L culture was ~200 mg.

Figure 2.1 Purification and CD analysis of recombinant rIBPv. (A) The purified recombinant
rIBPv migrated to around 52kDa on a SDS-PAGE gel. (B) The CD spectrum of rIBPv. The mean
residue ellipticity [θ] was measured for rIBPv from 200-260nm. Only a negative peak is shown
at 218 nm, suggesting that the secondary structure of the protein was mainly β-sheet. (C) The
thermal stability of rIBPv. The CD spectrum was measured under different temperatures. The
normalized signals at 218nm were used to indicate the overall protein folding status. The
denaturation of rIBPv exhibited a melting temperature at 53.5°C.
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The CD spectrum of rIBPv exhibited a single negative peak around 218nm (Figure 2.1B),
suggesting that the predominant secondary structure was β-sheet. The CD spectra between 200
and 240 nm were used to predict the overall secondary structure by the K2D3 online server [116],
which estimated the rIBPv consisted of 3.77% α-helix and 38.91% β-strand. The denaturing
temperature of the protein was obtained by measuring the change at maximum molar ellipticity
(218 nm) while gradually increasing the temperature from 20oC to 70oC (Figure 2.1C). The
results showed that the protein started to denature at around 50°C and totally unfolded at 58°C.
Even though the protein originated from a cold-adapted microorganism, it was quite stable at
higher temperatures, with a Tm of 53.5°C.

rIBPv exhibits thermal hysteresis activity
The interaction of AFPs with ice crystals leads to thermal hysteresis, and therefore, TH is
generally used to quantify the ice binding activity of AFPs. We tested the TH activity of the
purified rIBPv as a function of its concentration. These experiments showed that the TH of the
rIBPv sharply increased to 1.89°C at a protein concentration of 15 μM, but plateaued at 15-73
μM with a TH of 2.38°C (Figure 2.2).

rIBPv significantly inhibits ice recrystallization
The RI activity of rIBPv was examined at a concentration of 1μM (approximately 53
μg/mL). TBS buffer and 100 μg/mL of BSA were used as negative controls (Figure 2.3). When
frozen rapidly by decreasing the temperature to -50°C, small ice crystals formed in all rIBPv and
negative control samples. The temperature was then gradually increased to -6°C and maintained
for one hour to favor the ice recrystallization process. At time 0, only small ice crystals with
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diameters less than 5μm were observed among the three conditions. However, larger ice crystals
formed in both negative controls as samples were held at -6°C. After 1h, numerous large ice
crystals with diameters larger than 30μm were observed in both TBS and BSA conditions. In the
rIBPv sample, the size of most ice crystals appeared unchanged after 1h of incubation at -6°C
(Figure 2.3A). This confirmed previous reports of significant RI activity of IBPv [2, 32].

Figure 2.2 The thermal hysteresis activity of rIBPv. The TH activity of rIBPv was determined as
a function of protein concentration. Each data point was the average of at least 4 individual tests.
Standard deviations were plotted as error bars.
We further tested the RI activity of rIBPv as a function of concentration (Figure 2.3B).
When protein concentration was decreased to 0.5 μM and 0.25 μM, some ice crystals with
dimensions of about 30μm formed inside the droplet after 1h. The edges of all ice crystals
remained flat in the presence of 0.5 μM of rIBPv. However, some ice crystals exhibited rounder
edges when the concentration of rIBPv decreased to 0.25 μM, suggestive of reduced RI activity.
When the protein concentration was decreased to 0.125 μM, the ice crystals formed were
generally round and similar to those under BSA or TBS conditions, indicating higher rIBPv
concentration were required for significant RI activity. In summary, the results showed that the

31

minimum concentration of rIBPv required for RI was between 0.125 μM to 0.25 μM (~10 μg/mL
range) under the test conditions.

Figure 2.3 Ice recrystallization inhibition assay. (A) Samples were fast frozen to -50°C and then
brought back to -6°C to facilitate ice recrystallization for 1 hour. At the beginning, the diameters
of ice crystals were less than 5µm in all samples. After 1 hour, ice crystals in TBS and BSA
conditions grew larger; by contrast, in rIBPv condition, ice crystals stayed at similar small sizes
as the beginning, indicating that ice recrystallization was inhibited by rIBPv. (B) RI activities of
rIBPv were measured under various concentrations. RI activity was significantly reduced when
protein concentration was decreased to 0.125 µM.
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rIBPv increased E.coli survival during freeze-thaw cycling
The survival of E. coli was tested after four cycles of freezing and thawing. Cells were
mixed with 10μg/mL BSA, 5 μg/mL rIBPv, 10 μg/mL rIBPv and native protein IBPv (5 μg/mL
of total protein from strain 3519-10’s supernatant). Bacterial survival was similar under all
conditions after the first freeze thaw cycle (Figure 2.4). Cells frozen with BSA showed a 10-fold
decrease in survival compared to the other conditions after the second cycle. During the third and
fourth cycles, E.coli survival was highest in the presence of 10 μg/mL rIBPv. Experiments that
tested protein concentrations >10 µg/mL did not significantly improve survival (data not shown).

Figure 2.4 rIBPv increased E. coli survival rate after four freeze-thaw cycles. The survival rate of
E. coli after several freeze-thaw cycles was determined in the presence of BSA, 5 µg/mL native
IBPv, 5 µg/mL recombinant rIBPv, and 10 µg/mL rIBPv. The bars represent the SE of triplicate
samples.
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The two ice binding domains have different ice binding activities and cooperate to enhance
ice binding activity
Sequence alignment suggested that IBPv consisted of two tandem ice binding domains,
designated as domains A and B [2]. In order to directly compare and test their interactions, three
recombinant protein constructs were generated as shown in Figure 2.5A: rIBPv_a (amino acids
23-229) which contained the domain A, rIBPv_b (amino acids 228-447) which contained the
domain B, and rIBPv_ab (amino acids 23-447) which contained both domains minus the Cterminal end (amino acids 448-533). These constructs were expressed and purified using a
similar approach as the full length protein. All proteins were obtained at high purities as assessed
by SDS-PAGE (Figure 2.5B). According to their primary sequences, the predicted molecular
weights for rIBPv_a, rIBPv_b, and rIBPv_ab were 21.3, 23.5, and 43.7 kDa, respectively. Under

Figure 2.5 Different rIBP constructs and their purifications. (A) Schematic graph representing 4
different recombinant rIBPs. CT stands for C-terminal region. (B) SDS-PAGE analysis of all 4
recombinant rIBPs under non-reducing and reducing conditions. v stands for rIBPv, ab stands for
rIBPv_ab, a stands for rIBPv_a, and b stands for rIBPv_b.
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non-reducing condition, a single band of the correct size was observed on SDS-PAGE for both
purified rIBPv_a and rIBPv_ab. However, rIBPv_b appeared to migrate faster than expected.
After treating the sample with reducing reagent, rIBPv_b migrated consistent with its predicted
size. Therefore, the discrepancy in the non-reducing SDS-PAGE was probably caused by a
disulfide bond formed between C244 and C443, located at the N-terminal and C-terminal ends
respectively. This disulfide bond could retain the peptide chain in a circular structure under SDSdenaturing condition and decrease its apparent size in the SDS-PAGE analysis.
The TH activity of the full length protein, rIBPv, showed a TH gap of more than 2°C at
concentrations higher than 50 µM. However, the C-terminal truncated version, rIBPv_ab,
expressed a lower TH activity, about 0.4°C lower at the plateau region compared to rIBPv.
Although the C-terminal portion was not expected to have an ice-active function, this result
indicated it contributed partially to the ice binding activity.
Comparison of the primary sequences of the two ice binding domains revealed 44%
identical matches and 60% positive matches, and therefore, it was expected that their ice binding
activities would be similar as well. Surprisingly, the TH of rIBPv_a and rIBPv_b varied
significantly (Figure 2.6A). For rIBPv_a, the TH was 0.40°C at a concentration of 90 µM. In
contrast, rIBPv_b showed a much higher level of TH, which was 1.37°C at a similar
concentration (91 µM). The TH of rIBPv_ab increased from 0.9°C to 1.79°C as the protein
concentration increased from 6 µM to 99 µM (Figure 2.6A), and was higher than that of the
individual domains (rIBPv_a and rIBPv_b) under the conditions tested. These results suggested
that both domains were participating in the ice binding process, and that there might be a
cooperative effect between them while interacting with ice. We further tested whether the two
ice binding domains cooperatively affect ice binding activity without the covalent linker.
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rIBPv_a and rIBPv_b were mixed at equimolar concentrations (1 µM of mixture represents 1µM
of each protein) and the TH was measured. The results showed that the activity of the mixture
was similar to that of rIBPv_ab and was higher than either domain alone, indicating that the
linker region was not required for the cooperative ice binding effect.
The RI activity was also tested for each domain (Figure 2.6B). Compared to BSA, ice
crystals in both rIBPv_a and rIBPv_b had much smaller sizes, indicating they both inhibited ice
recrystallization at concentrations as low as 2 µM. However, the ice morphologies were quite
different. Ice crystals formed in the presence of rIBPv_a were larger and rounder, similar to
those observed in BSA, whereas ice crystals in rIBPv_b were much smaller and had sharper
edges, similar to those observed with the full length protein. Based on higher TH and RI activity,
the rIBPv_b was superior to rIBPv_a in interacting with the ice.

Figure 2.6 Ice-binding activities of different recombinant rIBPs. (A) Different rIBPs exhibits
varied thermal hysteresis activities. rIBPv_a+rIBPv_b indicated the mixture of the two proteins,
each with corresponding concentration. The TH of rIBPv used here is the same as that in Figure
2. (B) Ice recrystallization inhibition assay for rIBPv_a and rIBPv_b at 2µM. Both proteins could
inhibit the ice recrystallization process, with rIBPv_b exhibiting a higher inhibition.
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The two domains form dimer without the linker region
We have shown that the mixture of two separate ice-binding domains exhibited higher
TH activity than the simple addition of two individual domains, and this enhancement was
independent of the linker region. It was possible that the two domains could interact with each
other even without a direct physical linker. A gel filtration assay was used to determine possible
interactions between the two domains. As shown in Figure 2.7A, the elution volumes for
rIBPv_a and rIBPv_b were 11.72 mL and 11.24 mL, respectively, when loaded to the column
individually. However, the elution volume of the equal-molar mixture of rIBPv_a and rIBPv_b
shifted to 10.48 mL (Figure 2.7A), suggesting the formation of a complex. The estimated
molecular weight of rIBPv_a, rIBPv_b, and the complex by gel filtration results were 19 kDa, 23
kDa, and 32 kDa, respectively, indicating that the complex observed was a dimer formed
between the two domains. When rIBPv_a and rIBPv_b were mixed at the molar ratio of 2:1, two
peaks appeared at 10.4 mL and 11.73 mL, corresponding to the peak of the complex and the
individual rIBPv_a (Figure 2.7B). When rIBPv_a and rIBPv_b were mixed at the molar ratio of
1:2, similar results were obtained. These results confirmed that heterodimer formation between
domain A and domain B can occur without the linker region.
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Figure 2.7 Heterodimerization of the two domains of IBPv monitored by gel filtration HPLC. (A)
Elution profiles of IBPv_a, IBPv_b, and the equal molar mixture of IBPv_a and IBPv_b. (B)
Elution profiles of IBPv_a, IBPv_b, and a mixture of IBPv_a and IBPv_b at various molar ratios.
The graph is zoomed in at the region of 8 mL to 15 mL.

Discussion
In this study, we expressed and purified a recombinant antifreeze protein rIBPv from a
bacterium that has persisted in the deep subsurface of the Antarctic ice sheet for many thousands
of years [117]. Our study showed that the protein exhibited a thermal hysteresis of 2°C at
concentrations higher than 50µM, could effectively inhibit ice recrystallization, and enhanced
bacterial survival during freeze-thaw cycling. The CD spectrum suggested that the secondary
structure of rIBPv consisted mainly of β-strands. Despite the fact that the temperature of the
environment it originated never exceeds the melting point, the protein was quite thermally stable,
with a denaturing temperature of 53.5°C. Based on multiple sequence alignment, recombinants
of the IBPv with separated ice-binding domains (rIBPv_a and rIBPv_b, respectively) were
constructed and shown to have disparate ice binding activity. A key finding was that the two
domains could dimerize to achieve a higher ice binding effect and the linker connecting the
domains was not required for this effect.
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In the E. coli survival assay, cells treated with the native protein were not protected as
well as those examined with the recombinant protein. That may be due to the native protein
being at unknown abundance in the mixture of secreted proteins 3519-10 produces. Hence, the
actual IBPv concentration was thought to be substantially lower than experiments with rIBPv.
However, Achberger et al. reported that at least 100 µg/mL of extracellular protein from 3519-10
was required to protect E. coli from freeze-thaw cycling [113]. Achberger et al. examined the
extracellular proteins secreted by 3519-10 and observed ~25 polypeptides [113]. Assuming
equal weight distribution (according to SDS gel results [113]) and a total extracellular protein
concentration of 100 µg/mL, the IBPv was estimated at concentrations of ~4 µg/mL, which is
very similar to our observations using the recombinant protein (5 µg/mL).
AFPs are generally classified into two groups based on their activities: hyperactive and
moderately active AFPs. AFPs from fish are typically categorized as moderately active, with a
TH of about 0.5-1.0°C at millimolar protein concentrations, whereas hyperactive AFPs from
insects have higher TH activities, with a TH gap as much as 6°C at sub-millimolar
concentrations [11]. However, the hyperactive AFPs have been shown difficult to produce in
sufficient quantities for structural and functional analysis, thus also limiting their use as
cryoprotective agents for applied science [57, 118]. In this study we produced a high yield of 200
mg of rIBPv per liter of culture, making this protein an ideal candidate for cryoprotective
applications. TH analysis indicated that the TH gap of rIBPv increased dramatically to 1.89°C
when the vIBP concentration was raised to 15µM, plateauing around 2.1°C. This suggested that
only a small amount of rIBPv was required to achieve maximum TH values. Compared to the
hyperactive bacterial AFP ColAFP, rIBPv had a higher TH in the range from 0 to 50 µM, but
unlike ColAFP, its TH gap did not further increase with protein concentration [59]. rIBPv also
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exhibited a significant RI activity that increased the survival rate of E. coli cells exposed to
progressive cycles of freezing and thawing. Similarly, it has been shown that ice-active
substances produced from a cold soil bacterium increased the survival of Enterococcus during
freeze-thaw cycling [102].
The primary sequence of the IBPv suggested that the protein contains two homologous
ice binding domains. We confirmed this by isolating each of the domains to high purity and
testing their ice activity properties. Although their sequences showed high similarity, their
measurable ice binding abilities differed significantly. The second domain rIBPv_b possessed a
TH of 1.16°C at 58 µM, while the first domain rIBPv_a only produced a TH gap of 0.3°C at the
same concentration. Moreover, the second domain was also superior in inhibiting ice
recrystallization.
Since domain B of IBPv has a higher ice activity, it is interesting to speculate on the
fitness advantage provided by having an IBP with two homologous domains. It is possible that
the two domains may work cooperatively to achieve a better ice binding activity. In fact, the TH
activity for rIBPv_ab was higher than either domain, indicating that both domains interacted
cooperatively to enhance ice binding activity. Moreover, when rIBPv_a and rIBPv_b were mixed
at equimolar concentrations, the mixture had a TH comparable to rIBPv_ab. This suggests that
although domains A and B interact to create the observed activity, it is not necessary for them to
be directly linked to achieve the cooperative effect. It has been shown previously that different
forms of AFPs interact to cooperatively enhance TH [109]. The IBPv domains might also
cooperate to enhance ice-binding activity. Demonstrating that the IBPv linker was unnecessary
for function suggests that organisms with IBPs encoded on separate genes may function similarly.
Our results also showed that the two domains formed heterodimers without the linker region.
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This dimerization might be important for the cooperative ice-binding effect observed. In addition,
we found that rIBPv_b had an extremely low expression level compared to rIBPv_a, rIBPv_ab,
and the full length protein rIBPv, which all contained domain A at the N-terminus. It is therefore
possible that domain A plays some role in protecting the domain B during protein synthesis.
Alternatively, it is also possible that the N-terminus of the second domain is a non-optimal DNA
for protein expression.
As the number of accessible ice binding sites, or avidity, increases on an AFP, its
efficiency at binding with ice and TH activity increase [110, 111, 119]. Hence, the cooperative
effect we demonstrated between the two domains of IBPv may be a result of increasing avidity
on each protein molecule. It could also be argued that since the domain A had very low TH
activity, the increment of TH of IBPv_ab might be caused by a size effect. DeLuca et al. showed
that attachment of a small AFP to a large non-functional protein increased the TH because larger
molecules hindered more ice surface and prevented water molecules from attaching to the ice
[120]. However, when rIBPv_a and rIBPv_b were present, the TH of the mixture was very
similar to rIBPv_ab, suggesting that a cooperative effect does not require the two domains to be
covalently linked. Therefore, their cooperative activity might be related to more than just the size
effect or avidity. We hypothesize that the cooperative effect between the two domains is caused
by the targeting of different ice planes. Under most conditions, ice exhibits hexagonal structure,
which consists of 2 basal planes and 6 prism planes. It is believed that most AFPs, especially
moderately active ones, target the prism planes, whereas the hyperactive AFPs are thought to
bind to both the basal and prism planes of ice [121]. rIBPv_b had much higher TH activity than
rIBPv_a. Therefore, if both domains only bound to the prism planes, rIBPv_a would be
outcompeted by rIBPv_b, while the TH of rIBPv_b would not change much by the presence of
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rIBPv_a. However, the TH gap of the rIBPv_a and rIBPv_b mixture increased about 30%
compared to rIBPv_b, suggesting that the two domains target different ice planes. Our studies
have shown that rIBPv_b behaves more like a hyperactive AFP, while rIBPv_a is moderately
active. The two domains may interact with different ice planes, but additional experimental
evidence is required to support this hypothesis.
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CHAPTER 3: STRUCTURAL NON-HINDRANCE OF THE ICE BINDING
SITES BY A BACTERIAL MULTI-DOMAIN ANTIFREEZE PROTEIN
Introduction
Ice binding proteins (IBPs) are characterized by their ability to specifically bind to one or
multiple planes of ice crystals to inhibit freezing [72]. Antifreeze proteins (AFPs) are a class of
IBPs which have been documented in a number of cold-tolerant fish [14, 15], insect [11],
bacterial[2, 4], fungal [9], and plant [5] species, and this phenotype permits them to prevent and
control ice crystal formation in subzero environments. When bound to the ice surface, AFPs
depress the freezing point without significantly altering the melting point [26]. The difference
between the freezing and melting point, referred to as the thermal hysteresis (TH) gap, is often
used as an indicator of AFP activity [42]. It is thought that TH is caused by the Kelvin effect
because AFP binding to the ice surface generates a micro-convex structure that is
thermodynamically less favorable for water molecules to bind compared with a flat ice surface
[27, 41]. At subzero temperatures, small ice crystals dissolve and recrystallize into larger ones in
order to minimize the surface energy (i.e., Ostwald ripening). Ice recrystallization damages cell
membranes, and therefore is one of the most lethal stresses a cell encounters under frozen
conditions [19]. AFPs can significantly inhibit the ice recrystallization process (RI,
recrystallization inhibition) after binding with ice [28, 29], either by preventing water molecules
from leaving the ice crystals or acting as a surfactant to reduce the surface tension. Since this
activity conserves the boundaries among ice grains, AFPs could be particularly significant to
microorganisms that survive in ice matrices, such as those found in deep Antarctic ice [2, 32,
106].
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All AFPs share the similar function of ice binding, yet their sequences and structures
differ widely, making it difficult to infer the molecular detail responsible for this property. Fish
AFPs were extensively studied after AFP was first discovered. There are four types of fish AFPs
reported with different structural features [34]. Type I fish AFP was believed to be the simplest
AFP, which only consists of a single Ala-rich α-helix [51]. Recently, Sun et al. reported the
crystal structure of an isoform of type I fish AFP, Maxi, which consists of a four helical bundle
that retains 400 water molecules inside its core [52]. Type II and type III fish AFPs are both
relatively small globular proteins. Type II fish AFPs are stabilized by a hydrophobic core [62],
while type III fish AFPs are held together mainly through disulfide bonds [66]. There is currently
no structure of type IV fish AFPs reported. Most of the structurally characterized AFPs adopt βsolenoid / helical structure with various cross sections [1], contain repeating motifs, and have
well aligned side chains on their ice binding sites [55-57, 68, 71, 122]. However, there are
several β-helical AFPs that deviate from this structural regularity and conservation [43, 58-61].
In general, AFPs form three-dimensional structures maintained by hydrogen bonds, electrostatic
interactions and disulfide linkage, but the traditional hydrophobic core is sometimes not present
[1, 52, 53, 123]. Since AFPs are synthesized, folded and function at low temperature, a stabilized
structure is probably not essential.
The ice-binding site (IBS) is the functional region of an AFP. Due to low sequence
similarity between AFPs, there are almost no common sequences or structural folds to aid in
identifying the IBS. Therefore, the most direct way to determine the IBS of an AFP is using sitedirected mutagenesis to systematically study how changes in the property and/or size of residues
affects ice binding activity. Although the overall structures of AFPs vary significantly, it has
been found that the IBSs share some common features. It has been reported that IBSs are
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characterized by a large, relatively flat and hydrophobic plane on the protein surface, and
commonly have repeating motifs [1]. It remains unclear how AFPs bind rapidly and irreversibly
to ice, outcompeting 55 M of liquid water. Early work on type I fish AFPs revealed a regular
array of threonines, suggesting hydrogen bonding might be important for binding to ice [124,
125], but mutagenesis studies of type I and type III fish AFPs implied hydrophobic residues in
the flat-binding surface were key [77, 79, 126]. It was later proposed that ordered waters on the
IBS might be released into the bulk solvent on AFPs binding to ice with a gain in entropy driving
the process in the direction of binding [76]. Recent modelling studies proposed that AFPs might
organize water molecules into an ice-like structure that resembles the quasi-liquid layer of water
next to the ice surface around the hydrophobic groups [81-83]. It has even been suggested the
AFPs bring their own “ice” to the ice surface [55, 57], and recent crystal structures of several
AFPs with constrained ice-like waters on the hydrophobic IBS strongly supported this hypothesis
[52, 56]. But it remains unknown whether this putative binding mechanism is common to other
AFPs.
Previously we examined the expression, ice binding affinity, and effect on viability of the
bacterial protein IBPv [2, 44, 113]. This protein was discovered in a bacterium within the family
Flavobacteriaceae (strain 3519-10), which was isolated from a depth of ~3.5 km in the Vostok
Ice Core [2]. Bacterium 3519-10 expresses and secretes a 54kDa AFP (IBPv) to the environment,
likely to preserve their habitat in the ice core [32, 113]. The recombinant IBPv exhibited TH of
2.22°C at a concentration of 53 µM, categorizing it as a hyperactive AFP [44]. According to
primary sequence, IBPv was predicted to consist of two separate ice binding domains. Although
domain B is superior in interacting with ice, the addition of domain A enhances the TH,
indicating collaborative effects between the domains during the ice binding process [44]. Here
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we report the first high resolution crystal structure of the multi-domain AFP, IBPv. Site-directed
mutagenesis was used to identify the putative ice binding sites of each domain based on
structural and functional analyses. These data also provide insight to suggest an explanation for
the lower TH activity observed in domain A of IBPv.

Experimental Procedures
Expression of IBPv and its mutants
Recombinant IBPv was purified as previously described [44]. The IBPv encoding
sequence, with the signal peptide removed and 6 × His tag at the C-terminus, was inserted into a
pET-21a vector. The plasmid was transformed into BL21 cells. An overnight culture grown in
LB medium containing 100 μg/ml of ampicillin was diluted 1:100 (v/v) into fresh LB medium
and incubated at 37 °C until an O.D. of 0.8. Protein expression was then induced by addition of 1
mM IPTG. Cells were harvested after incubating for 18h and then frozen at -80 °C. The pellet
was resuspended in TBS buffer (20 mM Tris, 150mM NaCl, pH 7.5) that contained 10µg/mL
DNase I and 100µg/mL lysozyme. Cells were lysed through sonication. After centrifugation, the
supernatant was applied to a Ni-NTA agarose (Qiagen) column and further purified through a gel
filtration column (Superdex 75; GE AKTA purifier). The purified protein was condensed with a
centrifugal filter device (Millipore, 10kD cut off) to reach a concentration of 50mg/mL.
Site direct mutagenesis was conducted with the Quikchange mutagenesis kit (Agilent
Genomics). Primers were designed to overlap with at least 10bp upstream and downstream of the
mutation site. The PCR product was treated with DpnI to remove the template and then
transformed into DH5α cells. Plasmids were extracted and mutations were confirmed with DNA
sequencing. IBPv mutants were purified using similar procedure as wild type.
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Protein crystallization
Crystals of the enzyme were obtained using the hanging drop vapor-diffusion method by
mixing equal volumes of protein (50 mg/mL concentration in TBS buffer) and the reservoir
solution (15-20% PEG 3350, 0.2 M ammonium nitrate) at 22º C. The crystals grew in
approximately one month and belonged to the rhombohedral space group R32 with a = 119.83 Å,
c = 367.76 Å.

Data collection
Prior to the data collection, a suitable crystal was dipped for several seconds in a
modified mother liquor solution with the addition of 15% glycerol as a cryoprotectant. Diffraction
data were collected at 100 K at beamline X6A in the National Synchrotron Light Source of the
Brookhaven National Laboratory at a 1.00 Å wavelength. The images were processed and scaled
using the HKL2000 program suit [127]. Data collection and data processing statistics are given in
Table 3.1.

Crystal structure determination
IBPv shares low sequence identity (29%) with the ice binding protein LeIBP from Arctic
yeast Leucosporidium sp. for which the crystal structure is known [60]. According to the sequence
alignment, there are two copies of LeIBP per one molecule of IBPv. The molecular replacement
procedure was applied to locate a solution using the program MOLREP [128]. A monomer of LeIBP
(PDB accession code 3UYU) was used as a search model. A total of four LeIBP monomers were
located in the asymmetric unit of IBP.
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The positioned MR model was refined using the maximum likelihood refinement in
REFMAC [128] with the TLS parameters generated by the TLSMD server [129]. TLS tensors were
analyzed, and anisotropic B-factors were derived with TLSANL program [130]. The program Coot
was used for model building throughout the refinement [131]. The final model consists of protein
residues 23-445 for protein molecule A, 23-446 for protein molecule B, one nitrate anion and 684
water molecules. Alternate conformations have been built for protein residues T127, R221, I247,
V345, I413 (molecule A) and T127, T179, K184, R221 (molecule B). 98% of residues lie in the
favored region of the Ramachandran plot with no residues in the disallowed region. The atomic
coordinates and structure factors (code 5UYT) have been deposited in the Protein Data Bank.

Circular dichroism spectroscopy
The circular dichroism (CD) spectra of the IBPv, IBPv_a and their mutants were
measured from 200nm to 250nm with a Jasco Model J-815 circular dichroism spectrometer. The
protein solutions were diluted in TBS to around 0.5mg/mL and placed in a 0.1cm path length cell.
Data were collected at 1.0nm bandwidth and the scan speed was 50nm/min. Three scan values
were averaged.

Thermal hysteresis assay
TH activities of the IBPv, IBPv_a and their mutants were measured with a nanoliter
osmometer (Otago Osmometer, Dunedin, New Zealand) connected to a Leica DM LB2
microscope. First, cargille B emersion oil was applied to the sample holes. Then about 20nL of
sample was loaded into the oil with a capillary tube connected to a syringe. The temperature was
rapidly decreased to below -20°C to initiate freezing process. After ice formation, the
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temperature was gradually raised until a single ice crystal remained in the droplet. The
temperature was recorded as the melting temperature. The sample was then slowly cooled until a
rapid burst of ice crystal growth was observed. The temperature was recorded as the freezing
temperature. The difference between the freezing and melting temperatures was calculated as the
TH.

Results
Overall structure of IBPv
The 1.75Å IBPv structure was determined by molecular replacement and the overall
structure is shown in Figure 3.1. Data collection and refinement statistics are summarized in
Table 3.1. Two similar domains were identified in each protein molecule. Domain A and B were
comprised of residues 23 to 229 and 230 to 445, respectively, in the primary sequence. Each
domain contains a six-loop right-handed β-helix (solenoid) with a triangular cross section, and an
α-helix, which runs parallel on one side of the β-helix (Figure 3.1B). The β-helix solenoid is
arranged in an order of β1-β6-β5-β4-β3-β2 (Figure 3.2A). The structures of the two domains
were aligned and superimposed well with RMSD of 0.68 Å on the protein backbone (Figure
3.2B). However, no electron density was observed for the last 88 amino acids of the C-terminus.
SDS-PAGE analysis indicated that the crystallized protein was truncated (data not shown here).
Previously we expressed the truncated protein without the C-terminal 88 residues, and our
functional analysis showed that truncated protein expressed a lower TH, about 0.5°C lower than
that the full length protein at concentrations above 20µM [44]. However, the contribution of the
C-terminus to TH activity remains unexplained.
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Ordered water molecules are located around both domains; however, more water
molecules are bound to domain B than domain A (Figure 3.1B). We previously reported that
domain B had higher thermal hysteresis activity and was superior at binding with ice, comparing
to domain A. These results suggested that the more ordered water molecules might correlate with
higher ice binding activities.

IBPv stabilized by hydrophobic interactions and disulfide bonds
The IBPv structure suggests that hydrophobic interactions play an important role in
protein stability, consistent with our previous observation that IBPv was quite stable at higher
temperatures, with a Tm of 53.5°C [44]. As illustrated in Figure 3.3A and 3.3B, four rows of
well aligned and tightly packed side chains exist inside of the β-helix for each domain. Detailed
information on the position and composition of residues are summarized in Table 3.2. Of the 38
residues inside of the β-helix, 35 of them were hydrophobic and only 3 (N44 in domain A, and
N256 and T432 in domain B) are hydrophilic. However, the polar side chains of these residues
are pointing away from the hydrophobic core. In addition, the N44 side chain is hydrogen
bonded with S48, while N256 with T432 and T260, making no unpaired polar group interfering
with the hydrophobic core. Furthermore, hydrophobic residues were also found at the interface
between the β-helix and the α-helix in each domain as shown in Figure 3.3C and 3.3D. Although
residues containing polar groups were found at the interface for both domains (K170, Y89 on A
domain and K387, Y304 on B domain), the amino groups and hydroxyl groups are all pointing
outward towards the solvent.
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Table 3.1 Data Collection and Refinement Statistics

Wavelength, (Å)
Resolution, (Å)
Temperature, (K)
Space group
Cell dimensions
a (Å)
c (Å)
Number of molecules per asymmetric unit
No. of unique reflections
Rsym1,2 (%)
Completeness (%)
Redundancies
I/(I)

1.00
40-1.75
100
R32
119.83
367.76
2
101 962
9.1(73.2)
99.9(100.0)
8.6(8.5)
29.1(3.2)

Refinement statistics
Resolution range
No. of reflections used in refinement
 cutoff used in refinement
R /Rfree3 (%)
Number of refined atoms
Protein
Heterogen atoms
Water
Average B-factors (Å2)
Protein
Water
R.m.s. deviations
Bonds (Å)
Angles ()

40-1.75
99 891
0
16.50/18.98
6039
4
684
28.06
31.51
0.018
1.780

1

Values in parentheses are for the highest-resolution shell.
Rsym = ∑|Ii - <Ii> |/ ∑Ii, where Ii is the intensity of the ith observation and <Ii> is the mean
intensity of the reflection
3
R = ∑|| Fo | - | Fc ||/∑|Fo|, where Fo and Fc are the observed and calculated structure factors
amplitudes. Rfree is calculated using 2.0% of reflections omitted from the refinement.
2
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Figure 3.1 The overall structure of IBPv. (A) Two protein molecules were observed in the
asymmetric unit of the IBPv crystal. Water molecules are depicted as red spheres. (B) The
overall structure of a single IBPv molecule. More water molecules (gray spheres) were bound
with B (cyan) domain than A (green) domain.
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Each domain contains one intra-domain disulfide bond, namely C165-C226 in domain A
and C244-C443 in domain B (Figure 3.3E & 3.3F). C226 and C443 are located on the C termini
while C165 and C244 are located on the loop region of the β-helices. These two disulfide bonds
keep the C-termini close to the cores and may prevent the protein from denaturing.

Figure 3.2 Comparison of two domains of IBPv. (A) The stereo view of the secondary structure
of domain A, colored from blue (N terminal end) to red (C terminal end). (B) Structural
alignment of domain A (green) and domain B (cyan).
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Figure 3.3 Hydrophobic interactions and disulfide bonds. (A) & (B) The aligned hydrophobic
residues inside the β-helix of domain A and B. In each core, four rows of tightly packed side
chains were found. Those residues were summarized in Table 3.2. (C) & (D) The hydrophobic
interactions between the α-helix and β-helix for domain A and domain B. The amino groups of
K170 and K387 and the hydroxyl groups of Y89 and Y304 point outward, allowing the
hydrocarbon chains and the phenyl groups to from hydrophobic interactions with other non-polar
side chains at the interfaces. (E) & (F) The intra-domain disulfide bond formed in A domain and
B domain. N-T stands for N terminus, C-T stands for C terminus, and S-S stands for disulfide
bond.
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Table 3.2 Summary of hydrophobic core of each domain.
Row
Outside
Domain A

↓

1
L177
L196
V215
N44

2
M183
L202
V220
I50
V67

3
L148
V175
I194
I213
V42

4
W169
V187
A206
L35
V54

L394
I413
T432
N256

F400
I419
A437
V262
V281

L365
V392
V411
I430
L254

W386
V404
V423
I247
V266

Inside
Outside
Domain B

↓
Inside

Determination of the ice binding sites
Several studies have shown that ice-binding regions of AFPs are flat planes on the protein
surfaces [1]. Sometimes the ice binding regions also consist of well aligned side chains and even
well aligned water molecules [56]. In the IBPv structure, one flat plane was observed on the
same surface for each domain as shown in Figure 3.1B and Figure 3.3, and they were not at the
protein-protein contacts in the crystal. Two rows of linearly aligned side chains were found on
each proposed IBS (Figure 3.4). The average distances between the neighboring Cα which these
side chains attached to are 4.9 Å and 4.8 Å for domain A and B, respectively. The average
distance between two neighboring water molecules is 4.8 Å on the proposed IBS of domain B.
Since there are only three ordered water molecules on the proposed IBS of domain A, we could
only calculate the nearest distance of two water molecules, which is 4.6 Å. Both the distances
between water molecules and the distances between side chains match the 4.5Å repeats of water
molecules on the both basal and prism planes of hexagonal ice, and therefore, we propose that
this surface was the IBS for each domain.
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In order to confirm the putative IBS, several mutations were generated to introduce a
bulky side chain on IBS to disrupt the flatness and interfere with the ice binding ability (i.e.,
T214, A362, A391, A410, G429 and S431) (Figure 3.4 A & C). Our previous study showed that
domain A did not significantly contribute to the overall TH of IBPv, whereas a recombinant
protein of domain B (IBPv_b) exhibited comparable TH as the full length protein [44].
Since domain B plays the predominant role in TH activity [44], mutations were
introduced to the proposed IBS on domain B in the context of the full length protein IBPv. In the
structure, the first row of the residues located between the two rows of well-aligned water
molecules are all with small side chains (Ala or Gly) in domain B (Figure 3.4C & D). The
residues on the other row are more varied, mainly containing Thr and Ser. Four mutations on the
first row were generated: A364L, A391L, A410L and G429L. Our previous study showed that
the CD spectrum of the full-length IBPv exhibited a single negative peak around 218 nm,
suggesting that the predominant secondary structure was  sheet [44], which is consistent with
the crystal structure. CD spectra of the recombinant mutants of IBPv were identical with the wild
type protein, suggesting the point mutations did not alter the protein’s overall structure (Figure
3.5A). While the TH of the wild type IBPv is 2.11 ± 0.21°C at a protein concentration of 50 M,
the A364L, A391L, A410L and G429L mutants of IBPv exhibited drastically impaired TH, with
values less than 1°C at a protein concentration of 50 M. One amino acid on the second row of
the residues, S431, was mutated to a Tyr. The mutation did not have any effect in the CD spectra
comparing to the wild type, indicating no overall structural change (Figure 3.5A). Although the
effect on the ice binding activity of S431Y mutation on IBPv was not comparable to the other
four, it still decreased the TH by 25% (Figure 3.5B). Our mutagenesis studies thus supported our
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hypothesis that these well aligned residues are important for ice binding activity, and confirmed
the IBS of domain B.
In order to determine the proposed IBS of domain A by mutagenesis, the recombinant
domain A (IBPv_a) was used instead of the full length protein, because domain B had much
higher TH activity than domain A. Mutating one residue T214 at the proposed IBS and one
residue away from the proposed IBS (S201) into Tyr had little effect on the CD spectra,
suggesting that they did not change the overall structure of the IBPv_a (Figure 3.5C). The TH
activity of the IBPv_a was 0.65 ± 0.07°C at a concentration of 0.25 mM (Figure 3.5D), which
was consistent with previous observations [44]. However, changing the Thr residue at 214 into
Tyr of IBPv_a decreased TH significantly (Figure 3.5D). As a negative control, the bulky residue
was introduced at the loop region far away from the proposed IBS of IBPv_a (S201Y mutant),
and this construct exhibited comparable TH to IBPv_a. These results supported the hypothesized
region as the IBS of domain A.

58

Figure 3.4 Predicted ice binding sites. (A) The predicted IBS on domain A. The two rows of
aligned side chains are in blue, water molecules in gray. (B) Stick diagram of the IBS of domain
A and surrounding water. Each water molecule formed at least one hydrogen bond with protein
backbone. (C) The predicted IBS on domain B. The two rows of aligned side chains are in blue,
water molecules in gray. One row of well packed water molecules was found between the two
rows of aligned side chains. The other row of water is located on the other side of the aligned
small side chains. (D) Stick diagram of the IBS of domain B and surrounding water. Each water
molecule formed at least one hydrogen bond with protein backbone. (E) The location of S201
residue on domain A, which is distal to the predicted IBS.
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Figure 3.5 Ice binding activities of the IBPv mutants. (A) The CD spectra of IBPv_a and its
mutants. (B) TH of IBPv and its mutants. (C) The CD spectra of IBPv_a and its mutants. (D) TH
of IBPv_a and its mutants.
Structural comparison of the IBS in two domains
Domain A and B have 44% sequence identities and 61% positive matches, and the crystal
structure showed that they both adopt the similar β helical structure (Figure 3.2B). Structural
alignment of the backbones of these two domains exhibited a RMSD of 0.68Å, yet the domains
clearly differ in their ice-binding properties [44]. Structural alignment at the IBS of both domains
was used to elucidate the structural basis for the differences in ice binding activities. The first
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row of amino acids on the IBS reside on loops, and are Ala41-Ala212-Ala193-Leu174-Ala147
for domain A, and Ala253-Gly429-Ala410-Ala391-Ala364 for domain B (Figure 3.4). The
second row of amino acids is part of the β-sheet structure on the IBS, and mainly consist of
residues with moderately sized side chain (Thr and Ser) for both domains (Figure 3.4). All of the
residues on the first row are small side chains except the residue Leu174. The isobutyl side chain
of Leu174 points towards the second row of amino acids, which may block water molecules
from binding to the groove between the two rows of side chain (Figure 3.4). We proposed that
this steric hindrance might affect the binding affinity of domain A with ice, thus reducing the ice
binding activity.
Using the IBPv_a as a template, residue Leu174 was mutated to Ala. Comparing to the
wild type IBPv_a, the mutant IBPv_a L174A significantly increased the TH activity, from 0.65 ±
0.07°C to 0.98 ± 0.08°C at a protein concentration of 0.25mM (Figure 3.5D). The results indicate
that the side chain of the residue Leu affects ice binding activity, probably due to its interfering
the protein-ice binding. When the L174A mutation was introduced in the full length recombinant
protein, TH did not increase (Figure 3.5B); despite the effect it had on restoring the TH of IBP_a.

Discussion
In this study, we determined the crystal structure of IBPv, which contains two
homologous ice binding domains. This is the first reported crystal structure of multi-domain AFP.
Structure alignment indicates that the domains are structurally similar, with RMSD of 0.68Å on
protein backbone alignment. Each ice binding domain contains an irregular β-helix with a
triangular cross-section, and a long α-helix running parallel along one side of the β-helix. A large
number of hydrophobic residues were found inside the β-helix and at the interface between the α-
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helix and β-helix for each domain. One intra-domain disulfide bond was found in each domain as
well. These results indicated that hydrophobic interactions and intra-domain disulfide bonds are
the major forces that contribute to the overall stability of the protein, which may explain its
thermal stability with denaturation temperature of 53.5°C [44].
AFPs bind specifically, rapidly and irreversibly to ice in aqueous solution [36, 42].
Different mechanisms of AFP binding to ice have proposed in the past years [1]. Early studies on
type I AFPs revealed a regular array of threonine side chains on the IBS, leading to the proposal
that AFP binds with ice crystals through hydrogen bonds forming between water molecules and
hydrophilic side chains [17, 51]. However, a number of studies have shown that the hydroxyl
group on the side chains of AFPs was not required for the interaction with ice [75-78]. Several
AFP crystal structures have also shown that the IBSs consist mainly of hydrophobic residues [43,
58, 60, 61]. Cheng et al recently reported a hydrophilic residue, Ser, on the IBS of TisAFP6 that
might partially account for its inferior ice binding activity compared to its isoform TisAFP8 [43].
Therefore, these studies implied that hydrophobic side chains with flat-binding surface are vital
for ice binding. It was proposed that ordered waters originally bound on the IBS might be
released upon AFP adsorption to ice, and thus, the entropy increase drives the ice binding
process [5, 76]. More recently, computer modelling studies have concluded that the IBS might
organize water molecules into an ice-like pattern, and these ice-like liquid layers of water then
could merge to the ice surface [81-83, 132]. This mechanism, called the anchored clathrate water
binding mechanism, is supported by our results and previous observations [52, 56].
Site-directed mutagenesis confirmed that the proposed ice binding site for each domain is
located at the same region on the β-helix for IBPv. Many well aligned water molecules, which
are hydrogen bonding with the protein backbone, were observed on the IBS for each domain.
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More ordered water molecules were found on the IBS of domain B, consistent with the previous
observation that domain B had a much higher ice binding activity [44]. The results suggest that
the ice binding affinity of AFPs may be correlated to the number of ordered water molecules
hydrogen-bonded to the IBS. These findings supported the anchored clathrate water binding
mechanism, which proposed that AFPs do not directly bind with ice surface, but interact with ice
through the ordered water molecules on their IBS instead.
Each domain of IBPv has two rows of water molecules on the IBS that form hydrogen
bonds with the protein backbone, and more water molecules are found in the IBS of domain B
compared to domain A (Figure 3.4B & 3.4D). The first row of water forms hydrogen bond with
the amines of protein backbone. The second row of water forms a primary hydrogen bond with
the carbonyl groups on the protein backbone, and some of those water molecules might even
form a secondary hydrogen bond with the hydroxyl group on the side chains. These anchored
water molecules on the protein surface could further interact with water on the ice surface, since
their spacing matched that of the basal and prism planes of hexagonal ice. These findings suggest
that water-backbone interactions might have important roles in allowing IBPv to bind with ice.
Two rows of side chains are well aligned with the two rows of water molecules on the
IBS of each domain. The first row of the side chains are located between two rows of water
molecules, and are mainly small side chains except Leu 174 in domain A. The residues on the
second row are mainly hydrophilic residues with hydroxyl groups that may potentially form
hydrogen bonds. Close molecular comparison of the two domains revealed that the bulky side
chain of Leu 174 on the IBS of domain A may account for its inferior ice binding activity. The
mutant L174A, in which the isobutyl group was replaced by a much smaller methyl group,
enhanced the TH of IBPv_a, confirming this hypothesis. By contrast, mutating other small
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residues on the IBS of domain B into more bulky Leu significantly reduced the TH of IBPv.
Therefore, the first row of the small, hydrophobic side chain residues play important roles in
allowing two rows of water molecules to form hydrogen bonding interactions with the protein
backbone. These findings suggested that the non-hindering effect at the IBS is vital for the ice
binding of AFPs.
Although the L174A mutation produced a TH for domain A that was comparable to
domain B, it did not increase, and even slightly impaired, the TH of the full length IBPv. Our
previous work showed that domain B contributed the majority portion of the TH of IBPv, thus a
relatively small increment of the TH in the domain A might not have a noticeable effect on the
TH of full length protein. We also showed that IBPv_a and IBPv_b could work collaboratively to
achieve a higher TH by preferably targeting different ice planes [44]. We proposed that IBPv_a
might preferentially target the prism planes of ice crystal, while IBPv_b might target the basal
planes with higher affinity. The L174A mutation on IBPv_a might increase the binding affinity
of domain A towards the basal planes, and decrease its binding towards the prism planes. If both
domain B and the mutated domain A preferred to bind to the basal planes, the collaboration
between these two domains might be lost, and therefore, it would not be surprising to observe a
small decrease on the overall TH. A multi-domain AFP that targets different ice planes may have
the potential to further suppress the freezing point and help the organism to tolerate more
extreme freezing conditions.
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CHAPTER 4: DIMERIZATION IS NOT REQUIRED FOR THE
COOPERATIVE EFFECT BETWEEN THE TWO DOMAINS OF IBPv
Introduction
By interacting with the ice surface, antifreeze proteins (AFPs) suppress the freezing point
and inhibit the ice recrystallization, and therefore, increase the organisms’ survivability under
frozen conditions [133]. Various studies of many AFPs produced from different organisms have
discovered several factors that affect the activities of AFPs [4, 45, 134-136]. The structural and
mutagenesis studies have shown that ice binding site (IBS) of an AFP typically is planar with
relatively flat and hydrophobic residues, which organize water molecules into a constrained icelike pattern that resembles the quasi-liquid layer of water next to the ice surface. It seems that the
ice binding activities of AFPs are correlated with their ability of binding to the basal plane of ice
in addition to other planes [1, 121].
There are different ways to increase the ice binding activity of AFPs. It has been shown
that most hyperactive AFPs adopt β-solenoid structure, and AFPs with β-solenoid structure
exhibit higher thermal hysteresis (TH) activity than globular AFPs and most α-helical AFPs
(Table 1.1). These findings suggested that a β-solenoid might be a better backbone scaffold for
proteins to achieve higher ice binding activity. It was also observed that comparable AFPs with
larger IBS area exhibited higher TH activity [68, 137], and therefore it was proposed that the TH
activity of AFPs may be enhanced if the area of IBS is enlarged. Indeed, the TH of TmAFP was
increased when the IBS area was artificially increased by adding extra repeating coils to the
protein [135]. The ice binding activity of AFPs could also be enhanced by some small molecules
such as polyhydroxy compounds and polycarboxylates [138-140].
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In addition to increased affinity, increased the avidity can increase TH [119, 141]. It has
been found that some organisms secrete multiple isoforms of AFPs, and it was reported that
different isoforms of AFPs could work synergistically to enhance the TH activity [109]. Some
AFPs, such as type III AFP RD3, have multiple domains, and it was found that compared to the
single-domain protein, RD3 exhibited higher TH activity [67]. Other studies reported that
tethering multiple copies of AFP molecule through a linker could increase the ice binding
activity of the protein [110, 119, 141]. Because binding of one domain to ice brings the whole
AFP complex closer to ice, it facilitates the binding of the remaining ice binding domains with
ice.
IBPv contains two tandem ice binding domains in each protein molecule. As mentioned
in Chapter 2, these two domains, domains A and B, could cooperate with each other to achieve a
higher TH activity. And this cooperative effect does not require direct linkage between the two
domains. We also showed that these two individual domains could dimerize without the covalent
linker. It is possible that the dimerization of the two domains can lead to the cooperative effect
when they bind with ice, because binding of one domain to ice brings the other domain closer to
the target and further facilitate the binding of the second domain. In this chapter, we used the
crystal structure of IBPv to design mutations to disrupt dimerization interface of these two
domains. We then tested the TH activities of the mutant IBPv to determine the role of
dimerization between the two domains on the cooperative binding effect.
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Experimental Procedures
Expression of IBPv_a, IBPv_b and their mutants
Recombinant IBPv was purified as previously described [44]. IBPv_a and IBPv_b
encoding sequence, with signal peptide removed and 6 × His tag at the C terminus, was inserted
into pET-21a vector. Plasmid was transformed into E. coli BL21 cells. An overnight culture
grown in LB medium containing 100 μg/ml of ampicillin was diluted 1:100 (v/v) into fresh LB
medium and incubated at 37 °C until an O.D. of 0.8. Protein expression was then induced by
addition of IPTG to final concentration of 1mM. Cells were harvested after incubating for 18h
and then frozen at -80 °C. Cells were resuspended in TBS buffer (20 mM Tris, 150mM NaCl, pH
7.5) that contained 10µg/mL DNase I and 100µg/mL lysozyme and lysed with sonication. After
centrifuging, the supernatant was applied to a Ni-NTA agarose (Qiagen) column and further
purified with a gel filtration column (Superdex 75; GE AKTA purifier).
Site direct mutagenesis was conducted with Quikchange mutagenesis kit (Agilent
Genomics). Primers were designed to overlap with at least 10bp upstream and downstream of the
mutation site. The PCR product was treated with DpnI to remove the template and then
transformed into E. coli DH5α cells. Plasmids were extracted and mutations were confirmed with
DNA sequencing. IBPv mutants were purified using similar procedure as wild type.

Thermal hysteresis assay
TH activities of the IBPv_a, IBPv_b and their mutants were measured with a nanoliter
osmometer (Otago Osmometer, Dunedin, New Zealand) connected to a Leica DM LB2
microscope. As mentioned in the previous chapters, cargille B emersion oil was applied to the
sample holes. 20nL of sample was loaded into the oil with a capillary tube connected to a syringe
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and fast frozen by rapidly decreased the temperature to below -20°C. After ice formation, the
temperature was gradually raised until a single ice crystal remained in the droplet. And the
temperature was recorded as the melting temperature. The sample was then slowly cooled until a
rapid burst of ice crystal growth was observed. And the temperature was recorded as the freezing
temperature. The difference between the freezing and melting temperatures was calculated as the
TH.

Gel filtration analysis
Gel filtration was performed with a GE AKTA purifier using a Superdex 75 gel filtration
column. About 400µL of recombinant protein or protein mixture at a concentration of ~50µM in
TBS buffer (pH 7.6, 20mM Tris. 150mM NaCl) was used in each test. Flow rate was set to
0.75mL/min.

Results
Determine the interface between the two domains
As described in Chapter 2 (Figure 2.7), we have shown that the mixture of two separate
ice-binding domains exhibited higher TH activity than the simple addition of two individual
domains, and this enhancement was independent of the linker region. We further showed that
these two domains could interact with each other to form heterodimer even without a direct
physical linker, suggesting the existence of interacting interface between these two domains. We
examined the structure of IBPv, especially at the interface between the two domains and
identified several possible hydrogen bonds at this interface (Figure 4.1). The side chain of R221
in domain A is hydrogen bonded with the side chain of D348 in domain B. The side chain of
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D68 in domain A is hydrogen bonded with both the backbone of T329 and the side chain of
Y333 in domain B. In addition, the side chain of N66 in domain A is hydrogen bonded with the
backbone of Y318 in domain B, and the side chain of Y318 is hydrogen bonded with the
backbone of F64 in domain A. We propose that this hydrogen bond network at the interface
might be critical for these two domains to interact and form heterodimer even without the
physical linker.

Figure 4.1 The interface between the two domains of IBPv. The overall look is presented in
panel (A), the close-up look in shown in panel (B). Domain A is colored as green, domain B is
colored as cyan, and key residues are shown as stick.

Disruption of the hydrogen bond network could abolish the dimerization
In order to disrupt the proposed dimerization interface, several mutations were designed
using the recombinant IBPv_a. One single residue mutant (IBPv_a R221A), and one double
residue mutant (IBPv_a N66A D68A) were made to disrupt the hydrogen bonds that formed
between the two domains. Gel filtration was used to study the interactions between these IBPv_a
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mutants and IBPv_b. As shown in Figure 4.2, the elution volume for the double mutant IBPv_a
N66A D68A was 12.20mL and that for the wildtype IBPv_b was 11.26mL. When IBPv_a N66A
D68A was mixed with IBPv_b at equal molar and applied to gel filtration, only a single peak
appeared with elution volume of 11.93mL. This elution volume was larger than that of IBPv_b
but smaller than IBPv_a N66A D68A, suggesting that it was just a simple mixture of two
recombinant proteins, but not the heterodimer. Because the peaks of IBPv_a N66A D68A and
IBPv_b have similar elution volume, the gel filtration column was not efficient enough to
separate them in the mixture. Similar results were observed for the mixture of IBPv_a R221A
with IBPv_b. These findings indicated that disruption of the hydrogen bond network at the
interface of domain A and B was sufficient to impair the dimerization.

Figure 4.2 The gel filtration results of IBPv_a mutants, IBPv_b, and their mixtures. No dimer
was formed between IBPv_a mutants and IBPv_b.
Dimerization is not required for the cooperative effect between the two domains of IBPv
Although the mutation sites were far away from the proposed IBS of IBPv_a, the TH
activities of the IBPv_a mutants were tested to ensure these mutations did not alter the ice
binding activities. As shown in Figure 4.3A, IBPv_a N66A D68A exhibited about 50% of the
TH activity of the wild type IBPv_a, while the other mutant IBPv_a R221A showed similar ice
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binding activity comparing to IBPv_a. This might due to the overall conformational change
caused by the double mutation on IBPv_a N66A D68A. Thus IBPv_a R221A was a better
candidate to study the relationship between dimerization and cooperative effect of domain A and
B in IBPv.
Surprisingly, equal molar mixture of IBPv_a R221A and IBPv_b showed similar or even
slightly higher TH as equal molar mixture of IBPv_a and IBPv_b throughout the testing range
(Figure 4.3B). It was proved in Chapter 2 that IBPv_a and IBPv_b has a cooperative effect in
suppressing the freezing point of ice. However, when the dimerization between domain A and B
was disrupted, this cooperative effect was not affected.

Figure 4.3 The TH of IBPv_a, IBPv_a mutants, and the mixtures. (A) IBPv_a N66A D68A
mutant has lower TH than IBPv_a, while IBPv_a R221A has similar TH as wild type. (B)
IBPv_a R221A and IBPv_b exhibit a cooperative effect in ice binding activity. The horizontal
axis indicates the concentration for each component inside the mixture.

Discussion
The relationship between the dimerization of the two domains of IBPv and the
cooperative effect of these two domains in binding with ice were carefully examined. The
interface between domain A and domain B of IBPv was identified and examined in the crystal
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structure of IBPv. The hydrogen bond network located at this interface is crucial in keeping
domain A and domain B connected even when direct peptide bond linkage is removed.
Mutations that disrupt the hydrogen bond network at this interface could prevent domain A and
B from dimerizing. When the dimerization between domain A and B was impaired by single
mutation (R221A) on the single domain protein IBPv_a, the TH activity of the mixture remained
the same, or slightly higher, than the mixture of wild type single domain protein IBPv_a and
IBPv_b. These results suggested that the cooperative effect does not require the dimerization of
domain A and domain B.
It was originally hypothesized that the dimerization was required for the cooperative
binding of the two domains of IBPv to ice, because binding of one domain brings the second
domain closer to ice and facilitates the binding. However, the results shown here contradict this
hypothesis. Here we suggest a different mechanism for this cooperative binding of the two
domains of IBPv to ice.
In Chapter 2, we reported that the TH of domain B is significantly higher than that of
domain A. Furthermore, domain B acts as a hyperactive AFP while domain A acts as a moderate
AFP. Other studies suggested that hyperactive AFPs could bind to both prism planes and basal
planes of ice, but moderate AFPs could only bind with the prism planes [1]. Drori et al. reported
that mechanically blocking the basal plane of ice could increase the TH of moderate AFP [36].
Thus after adding a hyperactive AFP, IBPv_b, to a moderate APF, IBPv_a, the TH should
increase, because the ice growth on the basal planes is blocked by IBPv_b. However IBPv_b can
bind to both prism and basal planes, which makes IBPv_a redundant in the mixture. But as
shown in Chapter 2, the ice binding activity of the mixture is significantly higher than IBPv_b
alone, suggesting IBPv_a also contributes to the TH of the mixture. Another study showed that
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moderate AFPs accumulate on the ice surface at a much faster speed than hyperactive AFPs [46].
Therefore, when ice is formed in the presence of both moderate AFP and hyperactive AFP, the
prism planes of ice will be mostly saturated by moderate AFP, due to its high accumulation rate.
Since the binding of AFPs with ice is irreversible, the remaining hyperactive AFP could only
bind with the basal planes. Thus having both moderate and hyperactive AFPs in the solution
during freezing might have two advantages. First, the presence of hyperactive AFPs could
prevent ice growth on the basal planes. Second, moderate AFPs could saturate the prism planes
at a faster rate, which will cause more hyperactive AFP molecules to attach to the basal plane.
Thus the cooperative effect between domain A and domain B of IBPv in suppressing the freezing
point of ice might be explained by these two domains targeting different ice planes.
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CHAPTER 5: GENERAL DISCUSSION
Due to the potential usage in food industry , cryopreservation, and other fields, AFP has
been intensively studied in the past several decades after it was first discovered in the 1960s [14].
Currently the most accepted model to explain the ice binding ability of AFPs suggested that
AFPs could irreversibly bind with ice surface through the ordered water network on the ice
binding site of the protein [52, 56]. After the attachment of AFP molecules, ice surface will grow
into a convex curvature, and cause a decrease in the freezing point [1]. However, because of the
sequence and structural dissimilarities among AFPs, some of the molecular detail on how AFPs
interact with ice still remains elusive. I focused on a bacterial AFP, IBPv, and tried to elucidate
the mechanism of how it interacts with ice.
We successfully expressed the recombinant IBPv using E. coli, and purified the protein
with high purity. Our studies showed that IBPv not only exhibited a TH of 2°C at concentrations
higher than 50µM, but can also effectively inhibit the recrystallization process of ice at
concentration as low as 0.25µM. Some of the protein physical properties of IBPv were studied
using CD spectroscopy. The secondary structure of IBPv mainly consists of β-strands. And the
overall structure of IBPv was retained until the temperature was raised above 50°C. Each IBPv
molecule contains two ice binding domains. Single domain protein for each of the two domains
were expressed and purified. Domain B exhibited higher TH than domain A. In combination of
the RI test results, we suggested that domain B reacts as a hyperactive AFP while domain A
reacts as a moderate AFP.
We also reported the crystal structure of IBPv at high resolution, which is the first known
structure of multi-domain AFP. IBPv contains two tandem and structurally similar ice binding
domains with backbone RMSD of 0.68Å. Each domain consists of a right-handed β-helix (β-
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solenoid) with a triangular cross section. A long α-helix runs parallel at one side of the β-helix.
Several AFPs were reported to adopt the β-solenoid structure with different cross sections,
suggesting proteins with this kind of structure have an advantage interacting with ice. This
advantage is probably due to each coil in the solenoid having an axial raise around 4.8Å [54],
which matches the distance of water molecules in the ice lattice. The ice binding site on each
domain was proposed to be the same flat region on one side of the β-helix, and this was
confirmed by mutagenesis studies. Ordered water molecules are hydrogen bonded with the
protein backbone on the IBS for each domain. More ordered water resides on the IBS of domain
B (hyperactive) than domain A (moderate), which suggested that the number of ordered water
correlates with the ice binding activity. These findings supported the anchored clathrate water
binding mechanism, which proposed that AFPs interact with ice through the ordered water
molecules on the IBS [56], and these ordered water are stabilized by hydrogen bonding with the
protein backbone.
The IBSs of domain A and domain B were also carefully examined in order to elucidate
the cause of superior ice binding activity of domain B than domain A in molecular level. A row
of small side chains resides on the IBS of domain B, containing only Ala and Gly. However, the
corresponding row of side chains of domain A contains one bulky residue, Leu. We proposed
that the isobutyl group might block water molecules from interacting with the protein backbone,
and further interfere with the binding of domain A with ice. This hypothesis was supported by
our mutagenesis studies.
We also observed an enhancement of the TH when both domain A and domain B are
present during freezing. This enhancement does not require direct covalent linkage between the
two domains. Single domain protein of domain A and domain B are able to form heterodimer
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through the hydrogen bond network at the interface between the two domains. When the
dimerization was impaired by a single mutation that disrupt the hydrogen bond network, the two
domains could still work together to enhance the TH activity. We suggested that this
enhancement is probably due to domain A is a moderate AFP and domain B is a hyperactive
protein. Moderate AFP could only bind to the prism planes of ice, but with a high accumulation
speed [46]. Hyperactive AFP could bind to both prism and basal planes, but with a slow
accumulation speed [46]. When both domain A and domain B are present when freezing, the
prism planes are mostly saturated by the moderate domain A due to the high accumulation speed,
causing more hyperactive domain B available for the basal planes. Thus the coverage of basal
planes should be higher and lead to an increase of TH.
According to our studies, three different factors are important for the ice binding ability
of AFPs. First, β-solenoid structure might be a better protein scaffold to develop AFPs with
higher TH. Second, the IBS of the AFP should contain less hindrance to ensure the interactions
between AFP backbone and ordered water molecules. Third, combining both moderate and
hyperactive AFP might enhance the TH. These findings provided future directions on
modifications of AFPs to achieve higher ice binding activity.
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